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Preface and Summary 
The present report about general and special engineering materials science 
is the result of lectures given by the authors in two terms in 1982 at 
Institute Balseiro, San Carlos de Bariloche, the graduated college of the 
Universidad de Cuyo and Comision Nacional de Energia Atomi~a, Republica 
Argentina. These lectures were organised in the frame of the project 
"nuclear engineering" (ARG/78/020) of the United Nations Development 
Program (UNDP) by the International Atomic Energy Agency (IAEA). 
Some chapters of the report are written in English, others in Spanish. 
The report is subdivided into three volumes: 
Valurne I treats_general engineering materials science in 4 capital 
chapters on 
- the structure of materials 
- the properties of materials 
- materials technology 
~ materials testing and investigation 
supplemented by a selected detailed chapter about elasticity plasticity 
and rupture mechanics. 
Valurne II concerns ~pecial engineering materials science with respect to 
nuclear materials under normal reactor operation conditions including 
- reactor clad and structural materials 
- nuclear fuels and fuel elements 
- nuclear waste as a materials viewpoint 
\lolurrK; III - also concerning .?P~ engineering materials science -· con-
siders nuclearmaterials with respect to off-normal ("accident") reactor 
operat.ion conditi.ons including 
nuclear materials in loss-of-coolant accidents 
nuclear materi.als in core melt accidents. 
December 1982 Gerhard Ondracek 
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La presente serie de tres informes procede de un curso de dos 
semestres' sobre ciencias de los materiales en que los autores 
participaron como docentes invitados en el Institute Balseiro, 
para estudiantes de la carrera de Ingenieros Nucleares de la 
Universidad de Cuyo en San Carlos de Bariloche, dentro del 
proyecto "Nuclear Engineering" (ARG/78/020) del Organismo 
Internacional de Energia At6mica (OIEA), United Nations Develop-
ment Program (UNDP). Los diferentes capitulos estan escritos en 
idioma ingles o espanol. 
El primer informe trata de la ciencia general de los materiales 
y esta subdividido en capltulos sobre: 
- la estructura de los materiales 
la tecnologia de los materiales y 
- el ensayo de materiales 
y se completa mediante un capitulo selecto donde se profundiza 
el tema de las caracteristicas mecanicas: elasticidad, plasti-
cidad y mecanica de la fractura. 
El segundo informe sobre ciencia especial de los materiales trata 
de los materiales de reactores bajo condiciones normales de fun-
cionamiento del reactor: 
- materiales de vaina y de estructura del reactor, 
- combustibles nucleares y elementos combustibles, 
- desecho nuclear como problema de material. 
El tercer informe - tambien sobre ciencia especial de los mate-
riales -' trata de los materiales de reactores bajo condiciones 
de accidente: 
- materiales de reactores en el accidente con perdida de re-
frigerante 
- materiales de reactores en el accidente de fusi6n del nucleo 
del reactor. 
Diciembre de 1.982 Gerhard Ondracek 
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Vorwort und Zusammenfassung 
Allgemeine und spezielle Werkstoffkunde 
Der vorliegende Report über allgemeine und spezielle Werkstoffkunde ist das 
Ergebnis von Vorlesungen, die die Autoren über zwei Semester 1982 am 
Institut Balseiro;dem Graduierten-College der Universität von Cuyo und 
der Comision Nacional de Energia Atomica in San Carlos de Bariloche, 
Argentinien,gehalten haben. Die Vorlesungen wurden im Rahmen des Projektes 
Kerntechnik (ARG/78/020) des Entwicklungsprogramms der Vereinten Nationen 
(UNDP) veranstaltet und von der Internationalen Atomenergiebehörde (IAEA) 
in Wien organisiert. 
Einige Kapitel des Reports sind in Englisch geschrieben, andere in Spanisch. 
Der Report gliedert sich in drei Bände: 
Band 1 behandelt die Grundlagen der allgemeinen Werkstoffkunde in 4 Kapiteln 
über 
- den Aufbau von Werkstoffen 
- die Eigenschaften von Werkstoffen 
~ die Werkstofftechnologie 
-die Werkstoffprüfung und -Untersuchung, 
die ergänzt werden durch 
und Bruchmechanik. 
au~gew~hlte Kapitel über Elastizität, Plastizität 
Band 2 betrifft spezielle Werkstoffkunde und zwar Reaktorwerkstoffe unter 
normalen Betriebsbedingungen eines Kernreaktors und behandelt 
- Reaktorhllll- und Strukturwerkstoffe 
- Nukleare Brennstoffe und Brennelemente 
-· Nuklearen Abfall und seine Behandlung als Werkstoff 
Band 3 betrifft ebenfalls spezielle Werkstoffkunde und behandelt Reaktorwerk-
stoffe unter Störfallbedingungen,wie den Kühlmittelverlust-Unfall und den 
Core-Schmelzunfall. 
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A. Introduction: Origin of the iron isotopes 
At the time of the "BigBang" ("Urknall") only Hand He 
existed within the universe. Heavier elements up to atomic 
weight 56 (iron isotope) formed by stepwise fusion in the 
center of stars. No further synthesis is possible in this 
way since this isotope of medium size is the most stable 
nucleus. 
The element iron, however, consists of 4 stable isotopes 
(A = 54,56,57,58) as may be seen from an extract of the 
Karlsruhe chart of nuclides (see Table~ ) • Black isotopes 
are stable, red ones transmutate by positron decay (ß+) or 
electron capture (c), blue ones by negatron (ß-) decay. 
How then the stable iron isotopes (57,58) have been formed? 
One hypothesis assumes the following: Big stars, of more 
than 10 sun masses, burn relatively fast (millions of years), 
forming a center of gaseaus iron. The iron nuclei capture 
electrons of the electron gas, which lowers the gas pressure 
which is mainly due to the electrons. The equilibrium between 
gas pressure and inertia forces is disturbed which leads to 
a sudden break-down of the iron core. An extreme densifica-
tion occurs in that all protons and electrons are combined 
to neutrons. Hereby gigantic energies are freed which ex-
plode the outer shell of the star. In this "supernova" ex-
plosion probably all of the heavier elements (A > 56) are 
formed. Only two such supernovae events appear to have been 
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occured within historic times within our milky way 
(1572 and 1604). A residue of a more remote supernova 
event (in 1054) is the famous cancer nebula. In the 
center of such nebulae extremely densified neutron 
stars are assumed to exist (sometimes perhaps also 
"black holes"). 
Table .I 
52 53 54 55 56 57 58 59 60 61 
26 red red black red black black black blue blue blue 
-91.7 2.1 0.3 ß y ß ß y At % 
or decay type 
26 28 30 32 34 
number of neutrons 
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B. The Iron - carbon - system 
1) Historical development 
Fe-C-alloys as main test field of early metallography (corre-
lation of solidification and solid state transformation reac-
tions with microstructure) 
1864: H.C. Sorby ( 11 Pearlite 11 ) 
1878: A. Martens 
Ordering of vast amount of observations by physico-chemical 
principals: 
1873: w. Gibbs, then B. Roozeboom: 
Phase rule, Thermodynamics of heterogeneaus equilibrium 
1900: First (incomplete) Fe-e-phase diagram 
But the simultaneaus occurrence of cementite and graphite 
was not fully undersfood. 
1904/05: E. Heyn, G. Charpy: Double diagram Fe-cementite, 
Fe-graphite 
Last essential addition: 
1930: \'7. Köster: a-Fe-phase field 
Age hardening by C (and N) 
2) General constitution and designations 
Double diagram (Fig.: 1 
full lines: Fe-cementite system (metastable) 
broken lines: Fe-graphite system (stable) 
Remarks as to the relative position of corresponding lines 
in the double diagram: 
Lines are not far separated. This is due to the fact that 
there is no large difference in stability between carbide 
and graphite. 
One-phase fields of the metastable system are more extended 
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Nucleation of metastable Fe3c occurs much more readily 
than that of graphite (especially at low C contents and 
at fast cooling rates) . 
Below 1.7% C under normal conditions solidification always occurs 
according to the Fe-cementite system. At C contents above 
1.7% both types of solidification may be active. At fast cooling 
cementite formation, at slow cooling graphite formation is 
favored. 
Solidification exclusively according to the stable system 
rarely occurs - only at very slow cooling and in the presence 
of certain alloying elements like silicon (cast irons >2%C) . 
Cementite may be decomposed to graphite by long-time annealing 
of white cast irons (+malleable cast iron, with ferritic or 
pearlitic matrix). 
We are mainly concerned with steels, with the greatest tonnages 
produced in the range up to 0.3%C. 
Only in rare instances is steel used with a little more than 
1% C (razor blades, cutlery). 
Steels contain carbon only in the form of carbide; the occurrence 
of graphite due to wrang chemical analysis or wrang heat 
treatment leads to early failure: "Schwarzbruch" (black fracture). 
So, further considerations can be concentrated on the Fe-Fe 3c-
system. 
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Designations for arrests in ternperature-tirne curves for pure 
iron (and the Fe-Fe3e-system) : 
A4 o/y-transforrnation 1392 oe ( 166 5 K) 
A3 yja-transforrnation 911 oe ( 1184 K) 
A2 rnagnetic transforrnation (a) 769 oe ( 1024 K) 
A1 eutectoid transforrnation 723 oe 996 K) 
Ao rnagnetic transforrnation(Fe 3C)210 oe 483 K) 
Those ternperatures are equilibriurn data; with practical cooling 
or heating rates the arrests·~ccur at somewhat lower or higher 
ternperatures, resp. 
Ar on cooling curves (r=refroidissernent) 
A on heating curves (c=chauffage) 
c 
So, for instance, Ar 3 or Ac 3 . 
Those designations are also used with hypoeutectoid ste~ls, so 
Ar 3 rneans begin of ferrite precipitiation (at GOS) frorn austenite. 
These letter designations of equilibriurn lines were introduced 
by w.e. Robert-Austen and B. Roozeboorn and have been accepted 
internationally. Further exarnple: ES = line of beginning pre-
cipitation of (secondary) cernentite frorn austenite. 
3) The rnetastabl~ systern Fe-Fe3e (Fig. 2) 
Melts above 4.3%e (hypereutectic) precipitate prirnary cernentite 
followed by the eutectic ledeburite. Melts below 4.3%e 
(hypoeutectic) precipitate Fe(e) solid solution and - if above 
2.06%e - followed again by ledeburite. 
Between 0.51 and 2.06%e the only solidification product is 
austenite = f.c.c. Fe(e) solid solution. 
At low e contents the prirnary solidification product is 
b.c.c. o-Fe(C). ABis the liquidus, AR the solidus for these 
alloys. At 1493 °e a perit~ctic reaction occurs : 
H = 0,10 
o- 1600 Mollt~ ' 
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9,H (0.10) + Melt, B (0.51) = y, I (0.16) 
At carbon contents above I (0.16), o disappears. At carbon 
contents below I (0.16), melt disappears (further transformation 
o+y by solid state reaction along HN, IN). 
This peritectic reaction has only secondary effects on the 
structure of steels at room temperature. (segregation or 
coring effects, if not removed by diffusion during hot working 
and heat treatment). 
At slow cooling of solidified alloys with > 0.8%e, secondary 
cementite is precipitated from austenite along ES. In alloys 
0 
below 0.8%e, ferrite is precipitated along GOS below A3 (911 e). 
At 723 °e the eutectoid reaction occurs : 
y, S ( 0. 80) = a, P ( 0. 0 2) + Fe 3 e, K ( 6 . 7) 
Latent heat of transformation relatively small (1 kcal/Mol 
tobe compared with heat of fusion, 3.7 kcal/Mol). 
The eutectoid structure is called pearlite. 
eomputation of ratio of 
total alloy) by means of 
' 
6~67 -wt%Ferrite = 6 _67 _ 
ferrite and cementite (in wt% of the 
the lever rule: 
(x<tfV} 
0'.80 = 88 3 
0. 02 , 
wt% cementite = 11.7 
Since the densities of the two components are similar (7.86 and 
7. 4), the lamellae of a-Fe and Fe3e have respective widths 
of about 8:1. 
The maximum solid solubility of ferrite (a) for carbon is 
0.02% (at 723 °e). On cooling below that temperature, tertiary 
cementite is precipitated along PQ. Precipitation occurs in 
the ferrite grain boundaries and for this reason it may lead 
to embrittlement effects (thin sheets). 
Dias 11-13, 18, 191'- 21 - 24, 26, 29, 29, 31 will be·: 
shown for illustration. 
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4) The stable system Fe-graphite 
This system is shown in Fig. 3. 
The position of the eutectic (in wt-%C,T) is close to the point c 
of the ledeburite-eutectic, however according to the lever-rule 
j 
the graphite eutectic contains more y-phase than does ledeburite. 
The line E'S' runs to the left of ES; in the region betweP-n, 
the y-phase is supersaturated with respect to graphite, but not 
saturated with respect to cementite. Thus the only possible 
precipitation in this ~egion is that of elementary graphite. 
Below the eutectoid point S' (0.69 wt-%C, 738 °C) ferrite 
P' coexists with graphite. However, graphite amounts to 
less than 1 wt-% in this mixture. As was said before, the equi-
librium state ferrite + graphite is (fortunately) hard to reach 
in lower carbon alloys (long-time annealing, silicon alloying). 
Dias 36,37,39,41,42 will be shown for illustration. 
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5) Transformations of Austenite 
The alloys follow the equilibrium lines of the phase diagram 
only under conditions of (very) slow cooling. With faster cooling 
rates undercooling of the transformations occurs. In those lower 
temperatures regimes diffusion processes necessary for establishing 
the equilibrium states are partially or fully suppressed. 
As a consequence metastable states and transformation mechanisms 
differing from the usual nucleation-and-growth type will develop. 









showing the shifting of the 
y/a -transformation temperatures of a hypoeutectoid steel with 
increasing cooling rate. 
At slow cooling ( low undercooling) only pearli.te is formed. 
The influence of cooling rate is,however, quite remarkable. 
At higher rates the Ar 3 and Ar 1 points are depressed, finally 
merging into a single arrest point Ar'. 
This means that the ferrite precipitation in hypoeutectoid 
steels along GOS is restrained and finally (above 0.5 %C) 
completely suppressed. The explanation for this behaviour is 
given by Fig. 5 , showing an undercooling diagram for the 
pearlite range. Only in region II the undercooled austenite 
is oversaturated relative to both ferrite and cementim and the 
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Fig. 4 Shift of r I a-transformation of a hypoeutectld. steel with increasi111g cooling rate 
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In hypoeutectoid steels proeutectoid ferrite precipitation 
is normally nucleated at the grain boundaries. With coarse 
austenite grain and elevated cooling rates, those ferrite 
precipitates may also occur within the grains, aligned along 
specific crystallographic planes: 
Widmannstätten structure (Fig. 6 ). -
Pearlite: Alternate plates of ferrite and Fe 3c, with ferrite 
as the continuous phase. Formation by nucleation 
and growth. Active nucleus probably Fe 3c. Heterogeneaus 
nucleation (at grain boundaries, residual Fe3c particles). 
Rate of (isothermal) pearlite formation as a function of 
temperature. Factors are: 
a) Nucleation rate 
b) Growth rate 
b1) diffusionrate 
b2) diffusion length (interlamellar spacings) 
b3) Energy gain (driving force) 
eutekto1dtn G/eichgowiChtes 
log Keimblidungsgeschwindigke!l N 
G 
" '---"--='---- ~--~----"-----~ 
Olflus1onskoefftZ1ent D 
L amelfenabstand .A 
tre1bende Kraft .t1 F 
t Wachstumsgeschwindigkeit G 
Tr~·· - -- --· 
~--











(/Pi/; tr /t--~n, #- ~~Ah1 / c/A fi/huNJ' 
lh_ dt'~ ;o/t'lii/1/;,H,;/e I 




The interlamellar spacings at isothermal transformation 
1 ~m 
0.1 ~m 
are independent of austenite grain size (contrast to size of 
martensite needles): "not structure sensitive". 
Since the growth rates parallel and vertical to the lamellae 
are nearly equal, the ''pearlite nodules" are usually spherical. 
Preventing diffusion processes by quenching from the austenite 
phase field (> upper critical cooling rate) leads to a diffusion-
less shear transformation, the martensitic transformation. 
General remarks on transformations: 
-----------------------------------
1. Nucleation and growth-type: 
Example: Pearlite formation from undercooled austenite 
(non-equilibrium irreversible transformation) 
Progress of transformation 
at constant temperature 
(" isothermal") , 
.. 






f(t) = 1 _ e(-n/3)NG t 
(T and growth rate G = constant) 
(Johnson, Mehl 1939) 
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Thermally activated diffusion processes (displacement of 
atoms relatively to their neighbours over distances greater 
than the interatomic ones). 
2. Martensitic transformations 
Progress of transformation 
only by change in T 
which increases driving force 
(free energy difference). 
Martensite (heterogeneous) 
nucleation requires no thermal 
activation, therefore no time 
dependence ("athermal") 1 ) 
Diffusion-less shear transformation: 
Atoms moving (suddenly and cooperatively) 
only a fraction of the interatomic distance. 
(A new piece of terminology has evolved: 
I -
.t ·----·. 
l- .. ............ .. 
J.. ___ -
I .. - --
.__ 
I ... 
martensitic: "military transformation", because rearrangement 
of atoms occurs in a orderly disciplined manner. 
nucleation and growth: "atoms behave as civilians, each 
following their individual routes along the broad reaction 
path" (Nutting).) 
Examples showing characteristic differences: 
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·~ 11 /Juvsl '' ~0 ~ 
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T T r 
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plates which grow 
very rapidly to their 
final size. 
Progress of trans-
formation by nucleation 
of additional plates. 
Reversible, hysteresis 












1)small amounts of austenite may be 
transformed to martensite isothermally. 
Note: stabilization means there is a secondary, though negative, 
time effect on the transformation. 
In the Fe-e system, the result of the martensitic transformation 
is a tetragonally distorted a-Fe lattice. The distortion 
increases with increasing e-content. 
The variation of Ms and Mf-temperatures with e-content in 
e-steels is shown in Fig. 7 
The size of the martensite plates or needles depends on the 
prior austenite grain size, inclusion content and the fraction of 
still untransformed austenite ("structure sensitive"). 
TEM investigations have revealed that, depending on the 
transformation temperature, there exists two slightly different 
types of martensite: Fig. 8 
Above the lower critical cooling rate (see Fig. 4 ) the pearlite 














0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Weight percent carbon 
Fig. 7 Variation of Ms and Mf wi th carbon concentralion in steel. 
(Troiano, A. R., and Greninger, A. B. Metal Progress, 50, 303 [1946].) 
Favored by lower Iransformation temperatures 
low internal dislocation density, 
C atoms on normal inlerstitial sites. -
· Macrosenpie shear by twinning 




- = g:;; 0.6 
·- c:: 
- = E "5 0.4 
-e 
= g; 0.2 
[[äih martensitel 
High internal dislocation 
density ( 1 0 11 - 1 0 12 cm- 2 ), 
arrange d in plate-shaped cells. 
C atoms segregate around dislocations, 
even after a rapid quench. -





Fig. s Curve showing the volume fraction of twinned martensite as a function of the carbon 
concentration. 
(Speich. G. R., TRANS AlME, 245, 2553 [1969)) 
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lower temperatures, a new type of transformation occurs, that 
of the bainite range ("Zwischenstufe"). 
It is characterized by the fact that at temperatures below 
500°C diffusion of Fe and of substitutional alloying elements 
(Mn, Ni, Cr) practically ceases whereas C atoms are still able 
to diffuse. Not too surprising, therefor~the bainite reaction 
exhibits a dual nature. In a nurober of respects it reveals 
properties that are typical of a nucleation and growth type of 
transformation (pearlite), but, at the same time is shows an 
equal nurober that would classify it as a martensitic type 
of reaction: 
Pear li te rang:e Bainite range Martensi te range 
•Diffusion of c + + 
•Diffusion of substit. + 
alloying elements 
·T=Thermally activated T T A 
A=Athermal transformation 
•Complete transformation + 
(just below start temp.) 
•Growth shape Spheres Plates Plates 
•Nucleated by Fe 3C Ferrite (heterogeneously) 
The dualism is also evident from the following diagrams of 
isothermal transformations: 
-~ .2! 100 ,---,---,----,---r---.--...., 
~ ·c 
1ii ·c; 75 
" .0 0 0 
--0 -o 50 
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Bainite is a mixture of ferrite and carbide. 
Differences to pearlite: 
a) Ferrite supersaturated with C and 
alloying elements. 
b) Structure. 
Each bainite plate is composed of a volume of ferrite in which 
carbide particles are embedded. 
One differentiates and lower bainite. 
Upper bainite (475°C) 
5000 X 
Fe 3C-particles paralleling 
length of ferrite plate 
Lower bainite (325-250°C) 
5000 x 
E-carbide (Fe 2 . 4 C?), 
smaller in size and as 
cross-striations 
(55° to axis of plate) 
In the upper bainite range the carbide particles may even 
be seen in a light microscope at high magnification. In the 
lower bainite range carbide precipitation is more incomplete 
and in such a fine dispersion that EM-techniques are required. 
In Fe-e alloys there occurs an overlapping of the pearlite and 
bainite transformation ranges at areund 500°C. On the other hand, 
in alloyed steels both transformation ranges are well separated. 
This can best be shown by means of so-called Time-Temperature-
Transformation (TTT) diagrams in which, of course, also the 




(to be read along time axis) 
continuous cooling 
(to be read along plotted cooling rate lines) 
~~~~E!~~l a) Alloy steels of good hardenability: 
A!Jschrecktemperatur • 7050°C 
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The pearlitic and bainitic 
transformation ranges are 






Note: Minima in incubation times follm'l from opposing effects: 
Pearlite: With decreasing temperature thermodynamic 
instability of austenitic increases and 
diffusion rates of C and Fe decrease. 
Bainite: With decreasing temperature the driving force 
for the shearing transformation of austenitic 
increases, but the diffusion rate of C decreases. 
At temperatures just below Bs (="Zwischenstufe Beginn"), 
austenite does not transform completely to bainite.-
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In the heat treatment cycle called "Austempering11 the workpiece 
(alloy steel) is therefore cooled rapidly to a temperature 
in the lower bainite region and is held at that temperature so 
that the section transforms completely to bainite (residual 
stresses and distortion minimal). Likewise, in "Martempering" 
an alloy steel workpiece, it is cooled rapidly to a temperature 
just above Ms and held there until the piece attains a uniform 
temperature, then cooled slowly (air cooling) through the 
martensitic range. This procedure causes martensite to form 
more or less simultaneously throughout the entire section, thereby 
holding transformational stresses at a very low level, minimizing 
distortion and danger of cracking. 
b) Low alloyed steels: 
Absoht•eoktemperafa" = 1050°0 
Isothermal 
0.43C, 1.67 Mn, 0.10 V 
01~Llllll~W~1~~~W~3rLLU~W~3~~~1<~0~~~~W5 
S'eku nden .!.--7 ---,8!;-' -"!.--' -co!c-' -":i/s~3orlb1p. , " , 
Mlrruten 1 fJ 'I 8 8 18 1N 
--Zeit-----+- stunden 
There is overlapping of the pearlite and bainite transformation 
ranges. 
Transformation at 500°C starts with bainite formation which 
after 2 minutes is followed by pearlite formation. 
c) Carbon steel: 
A bcohrecktemperatur • 880 °0 
80 o A3 11111111 
11111 
0 ~A1 Perlit- Beginn k::: , Perlit- Ende 
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0.45 % c 
Isothermal Continuous 
There is a smooth and continuous transition between pearlite 
and bainite (both arenot athermal). Due to the lack of 
substitutional solid solution elements the pearlite reaction 
occurs early. 
Fig. 9 shows the influence of different cooling rates on 
the microstructure of a eutectoid Fe-C-steel. 
Full anneal: Furnace cooled from austenitizing temperature 
(Power supply of furnace shut off). 
24 h to room temperature. 
Transformation close to equilibrium 
(coarse pearlite in case of eutectoid steel). 
Normalization: Intermediate cooling rate by pulling 
the specimens out of the austenitizing furnace 
(air cooling). Transformation at 600-500°C. 
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Start of peorlite Iransformolion 
on continuous coolin11 
"Time, in uconds 
Fig. 18.1 The relationship of the continuous cooling diagram to the isothermal 
diagram for an eutectoid steel (schematic). (After Atlas of Isothermal Trans· 
formation Diagrams, United States Steel Corporation, Pittsburgh, 1951.) 
reached the 650° C isothermal at the end of 6 sec and may be considered to have 
been at temperatures above 650° C for the entire 6~sec interval. Because the time 
required to start the pearlite transformation is Ionger at temperatures above 
650° C than it is at 650° C, the continuously cooled specimen is not ready to 
form pearlite at the end of 6 sec. Approximately, it may be assumed that cooling 
along path 1 to 650° C has only a slightly greater effect on the pearllte reaction 
than does an instantaneous quench to this temperature. In other words, more 
time is needed before transformation can begin. Since in continuous cooling 
an increase in time is associated with a drop in temperature, the point at which 
transformatlon actually startslies .19 the right and below pointJ4(The location 








-- Oil quench 
\ 









\ Fine Coarse 
pearlite pearlite Martensite and pearlite 0 ~--~----~--~----~--~----~~ 
0,1 10 100 10 3 10 4 10 5 51(10 5 
Time in Seconds (3 h) (28 h) 
fig. 9 
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Steels rapidly cooled from the austenite phase field are not 
in a thermodynamically stable state. On reheating into temperature 
regimes of sufficient high diffusion rates (time, temperature!) 
microstructural changes will occur. 
~earlitic and bainitic structures will not be greatly modified by 
tempering: With Fe-e alloys only spheroidization and coarsening of 
cementite will occur. 
A pure martensite structure is very brittle and therefore 
of little practical use. To improve ductility and stability, 
a tempering treatment is almost always used. In this tempering 
martensite decomposes stepwise into undistorted ferrite and 
cementite. The single steps may overlap each other and they progress 
the faster the higher the temperature of tempering. The 4 stages that 
bdvw 
can be differentiated in Fe-C-alloys are collected in Fi~, 
(A fifth stage of tempering exists with alloy steels: 
precipitation of alloy carbides (>540°C), which leads 
to "secondary hardening", and eventually of intermetallic comrx>unds) 
_?tage 1 : """' 0-200°C 
< o. 2 c I > o. 2 c j 
Segregation of C to lath 
dislocations and boundaries 
( max . 0. 2 % ) • 






(Fe2 . 4c) 
visible in TEH 
Dark etching 
(Only small amount of isothermal martensite 




Retained austenite~ bainite 
(cubic ferrite + E-carbide) 
(Positive length changes; 
Simple exponential rate law 
1 
rate ~ t = A · exp (-Q/RT) 
Decomposition controlled by diffusion of 
C in austenite) 
Thus after the 1. and 2. stage of tempering, the microstructure 
will exhibit: Martensite (still tetr. distorted) + eventually 
E~carbide and Bainite (cubic a+E-carbide). 
Stage 3: Formation of cubic ferrite + Fe3c 
Stage 4: 
(at 200°C: rod-shaped transition phase) 
at 250°C: ferrite + Fe 3c 
at 500-600°C: recovery of dislocations in 
the ferrite lath boundaries 
(__. low-dislocation-density 
acicular ferrite) 
At short time tempering below A1 the acicular (needle) 
structure persists, only the cementite coarses. 
600-700°C: Prolonged tempering leads in C-steels 
to recrystallization (equiaxed ferrite) 
Growth of the spheroidal Fe3c-particles 
(Ostwald ripening) 
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C. Alloy Steels 
1) Steel Designation Systems 
Many different designation systems may be (and were) used: 
Composition, finishing methods, strength, product form. 
Nowadays there is a tendency to prefer the classification 
according to chemical composition. 
Rough classification: 
· Unalloyed (=C-)steels 
(< 0.5 Si, < 0.8 Mn, < 0.1 Al or Ti) 
· Low and medium alloyed steels 
(~ 5% alloying elements) 
· Highly alloyed steels 
(> 5% alloying elements) 
1.1.1. Unalloyed construction steels (Baustähle, Massenstähle) 
will normally not be further heat treated by the user. 
Therefore designation according to strength level: 
St 38 = steel (Stahl) with a minimum 
tensile strength of 380 N/mm2 . 
1.1.2. Unalloyed carburizing and tempering steels (Einsatz- und 
Vergütungsstähle) will normally be further heat treated by 
the user(carburized, quenched, tempered): 
Designation according to chemical composition: 
Rule: C for carbon, followed by its content in 
1 
100 
wt - % 
example: C 15 
further indications: 
= average carbon content 0.15 wt %. 
k for low P- and S-content 
example: Ck 10 
m for specified S-content 
example: Cm 45 
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1.1.3. Low and medium alloyed steels: 
Rule: · First figure(s) = carbon content in 160 wt-% 
· Main alloying eleMents, sequence according to 
average wt-% content. 
· At the end: Figures for alloy content 
Multiplicators: 
4 for Cr, Co, Mn, Ni, Si, W 
10 for Al, Be, Cu, Mo, Nb, Pb, Ta, Ti, 
V, Zr 
100 for P, S, N, Ce 
1000 for B 
examples: 15 Mn 3 = 0.15 wt-%C (0.12-0.18) 
0.8 wt-%Mn 
29 CrMoV 9 = 0.29 wt-%C 
2.3 wt-% Cr and lower Mo and 
V contents. 
1 .1.4. Highly alloyed steels: 
Rule: X, followed by 
C-content i·n --1- wt-%, followed by 100 
main alloying elements, at the 
end: figures for alloy content 
(Without multiplicators) 
Examples: X6 CrNi 18 11 
1.1.5. Superalloys: 
= steel with 0,06 wt-%C, 
18 wt-% Cr and·11 wt-%Ni 
X10 NiCrMoTiB 15 15 
= steel with 0,10 wt-%C, 
15 wt-%Ni, 15 wt-%Cr and 
lower Mo, Ti and B contents. 
Examples: NiFeCr12Mo 
= Ni-Fe-alloy with 12 % Cr and 
some Mo 
CoCr25NiW 
= Cobalt-base, 25 wt-%Cr and lower 
Ni- and W-contents. 
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1 .2. USA 
The most widely used systems for designation are also based 
on chemical composition. 
AISI-SAE system for carbon and low-alloyed steels 
(Metals handbook, 9th ed.) 
Numerals Type of steel and Numerals Type of steel and Numerals Type of steel and 
and digits nominal alloy content and digits nominal alloy content and digits nominal alloy content 
~--~--------~~--~~~----~----~~~--~~--~--~~------~~~~~----
Carbon Steels 
lüXX(a) ... Plain carbon (Mn 1.00'/c maxi 
llXX .... Resulfurized 
12XX .... Resulfurized and rephospho-
rized 
15XX .... Plain carbon (max Mn range-
1.00 to 1.65'/c) 
Manganese Steels 
13XX .... Mn 1.75 
Nickel Steels 
23XX .... Ni 3.50 
25XX .... Ni 5.00 
Nickel-Chromium Steels 
31XX .... Ni 1.25; Cr 0.65 and 0.80 
32XX .... Ni 1.75; Cr 1.07 
33XX .... Ni 3.50; Cr 1.50 and 1.57 
34XX .... Ni 3.00; Cr 0.77 
Molybdenum Steels 
40XX .... Mo 0.20 and 0.25 
44XX .... Mo 0.40 and 0.52 
Chromium-Molybdenum Steels 
41XX .... Cr 0.50, 0.80 and 0.95; Mo 0.12, 
0.20, 0.25 and 0.30 
Nickel-Chromium-Molybdenum Steels 
43XX .... Ni 1.82; Cr 0.50 and 0.80; Mo 
0.25 
43BVXX . Ni 1.82; Cr 0.50; Mo 0.12 and 
0.25; V 0.03 min 
47XX .... Ni 1.05; Cr 0.45; Mo 0.20 and 
0.35 
81XX .... Ni 0.30; Cr 0.40; Mo 0.12 
86XX .... Ni 0.55; Cr 0.50; Mo 0.20 
87XX .... Ni 0.55; Cr 0.50; Mo 0.25 
88XX .... Ni 0.55; Cr 0.50; Mo 0.35 
93XX .... Ni 3.25; Cr 1.20; Mo 0.12 
94XX .... Ni 0.45; Cr 0.40; Mo 0.12 
97XX .... Ni 0.55; Cr 0.20; Mo 0.20 
98XX .... Ni 1.00; Cr 0.80; Mo 0.25 
Nickel-Molybdenum Steels 
46XX .... Ni 0.85 and 1.82; Mo 0.20 and 
0.25 
48XX .... Ni 3.50; Mo 0.25 
Chromium Steels 
50 XX .... Cr 0.27, 0.40, 0.50 and 0.65 
51 XX .... Cr 0.80, 0.87, 0.92, 0.95, 1.00 
and 1 05 
example: 
4422 0.35-0.45% Mo 
0.20-0.25% c 
(0. 70-0. 90% Mn) 
(0. 15-0.30% Si) 
Chromiurn Steels 
50 XXX .. Cr 0.50 l 
51XXX .. Crl.02 Cl.OOmin 
52XXX .. Cr 1.45 
Chromiurn-Vanadium Steeis 
61XX ... Cr 0.60, 0.~0 and o 95: \ ') !() 
and 0.15 min 
Tungsten-Chrorniurn Steel 
72XX .... W 175: Cr 0 75 
Silicon-Manganese Steels 
92XX .... Si 1.40 and 2.00; Mn u fi.-,, n .-<~ 
and 0.85; Cr 0.00 and f\1)[, 
High-Strength Low-Alloy Steels 
9XX . Vanous SAE grades 
Boron Steels 
XXBXX .. B denotes boron steel 
Leaded Steels 
XXLXX .. L denote8 leaded steel 
1a1 XX 111 th~ last two dtgtt.< ofthese de"lgnatwns 
indicates that the carbon content 'in hundredths of 
a percentl is tobe inserted. 
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AISI-System: Standard Grades of Wrought Stainless 
and Heat-Resisting Steels 
The first digit defines a major series: 
200 series: austenites in which some Ni has been 
replaced by Mn and N. 
300 series: Ni-stabilized austenites. 
400 series: Cr-steels with up to 2.5 %Ni; 
some can be hardened by quenching and 
tempering ("martensitic steels"), the 
others are classified as "ferritic". 
500 series: Cr-steels with 4-6 % Cr. 
,-------·------- ~UI1\III:il l'lliiiii(L-..J\!tlll, «c -------







303(8e) .. .. 
304 ....... . 
304L 
305 
308 . ' 
309 '' 
3098 ...... . 
310 
3108 ...... . 
314 ....... . 
~16 ...... .. 





0.15 mnx 7.50(bl 
0.15 max 10.001 c) 
0.15 max 2.00 
0.15 max 2.00 
0.15 max 2.00 
0.15 max 2.00 
0.15 max 2.00 
0.08 max 2.00 
0.03 max 2.00 
0.12 max 2.00 
0.08 max 2.00 
0.20 max 2.00 
0.08 max 2.00 
0.25 max 2.00 
0.08 max 2.00 
0.25 max 2.00 
0.08 max 2.00 
0.03 max 2.00 
0.08 max 2.00 
0.08 max 2.00 
0.08 max 2.00 
0.08 max 2.00 
403 . . . . . . . . 0.15 max 1.00 
410 .. .. .. .. 0.15 max 1.00 
414 .. .. .. .. 0.15 max 1.00 
416 .. .. .. .. 0.15 max 1.25 
416(8e) . . . . 0.15 max 1.25 
420 .. .. .. .. 0.15 mln 1.00 
431 . . . . . . . . 0.20 max 1.00 
440A ...... 0.60 to 0.75 1.00 
440B ...... 0.75 to 0.95 1.00 
440C ...... 0.95 to 1.20 1.00 
501 0.10 mln 1.00 
502 0.10 max 1.00 
405 
430 ....... . 
430F ..... . 
430F(8e) .. 
446 ........ 
0.08 max 1.00 
0.12 max 1.00 
0.12 max 1.25 
0.12 max 1.25 
























16.00 to 18.00 
17.00 to 19.00 
16.00 to 18.00 
17.00 to 19.00 
17.00 to 19.00 
17.00 to 19.00 
17.00 to 19.00 
18.00 to 20.00 
18.00 to 20.00 
17.00 to 19.00 
19.00 to 21.00 
22.00 to 24.00 
22.00 to 24.00 
24.00 to 26.00 
24 00 to 26.00 
23.00 to 26.00 
16.00 to 18.00 
16.00 to 18.00 
18.00 to 20.00 
17.00 to 19.00 
17.00 to 19.00 
17.00 to 19.00 
Martensitlc Steels 
0.50 11.50 to 13.00 
1.00 11.50 to 13.50 
3.50 tu 5.50 
4.00 to 6.00 
6.00 to 8.00 
8.00 to 10.00 
8.00 to 10.00 
8.00 to 10.00 
8.00 to 10.00 
8.00 to 12.00 
8.00 to 12.00 
10.00 to 13.00 
10.00 to 12.00 
12.00 to 15.00 
12.00 to 15.00 
19.00 to 22.00 
19.00 to 22.00 
19.00 to 22.00 
10.00 to 14.00 
10.00 to 14.00 
11.00 to 15.00 
9.00 to 12.00 
9.00 to 13.00 
9.00 to 13.00 
1.00 11.50 to 13.50 1.25 to 2.50 
1.00 12.00 to 14.00 
1.00 12.00 to 14.00 
1.00 12.00 to 14.00 
1.00 15.00 to 17.00 1.25 to 2.50 
1.00 16.00 to 18.00 
1.00 16.00 to 18.00 
1.00 16.00 to 18.00 
1.00 4.00 to 6.00 
1.00 ~.00 to 6.00 
Ferrltlc Steels 
l.OO 11.50 to 14.50 
1.00 14.00 to 18.00 
1.00 14.00 to 18.00 
1.00 14.00 to 18.00 
1.00 23.00 to 27.00 
( Hlu•r(a 1 
0.25 max N 
0.25 max N 
0.15 mln S 
0.15 min Se 
2.00 tö':i:oo Mo 
2.00 to 3.00 Mo 
3.00 to 4.00 Mo 
5 X C mln Tl 
10 X C mln C'b-Ta 
10 X C .mln Cb-Ta 
0.10 max Ta 
0.15 mln S 
0.15 mln Se 
0.75 max Mo 
0.75 max Mo 
0.75 max Mo 
0.40 to 0.65 Mo 
0.40 to 0.65 Mo 
0.10 to 0.30 Al 
o.1s ·~·~i:t s 
0.15 mln Se 
0.25 max N 
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The term "martensitic" is somwhat misleading as it is applied 
to tempered or annealed material in which the martensite has 
been more or less widely decomposed. Thus the name is given on 
the basis of the behaviour during heat treatment.-
Much more stringent rules are imposed on the supplier if 
one orders materials according to standard specifications. 
The most comprehensive and widely used standard specifications 
are those of the American Society for Testing and Materials 
(ASTM). Such a specification is a published document ("Annual 
Book of ASTM Standards"). 
An example well-known to nuclear engineers is that of the 
Standard Specification ASTM A 508 for ''Quenched and tempered 
vacuum-treated carbon and alloy steel forgings for pressure 
vessels". It imposes on the supplier requirements as to the 
manufacturing process (melting, forging, heat treatment), 
chemical composition, mechanical properties, non destructive 
Inspection and so on. 
Literature: Stahl-Eisen-Liste 
5. Auflage 1975, 6. Auflage 1977 
Verlag Stahleisen mbH, Düsseldorf 
Metals Handbook 
8. edition, Vol. I (1961) 
9. edition, Vol. I (1978) 
American Society for Metals, Metals Park, 
Ohio (USA) . 
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2) General Influence of Alloying Elements 
Low alloyed steels have principally similar properties 
as unalloyed C-steels; however, the alloying additions 
are aimed at to improve special properties: 
better hardenability at milder quenching 
(less distortion and less danger of crack formation) 
higher yield point at similar hardness 
higher toughness at high strength 
higher elastic limit and therefore higher 
fatigue strength 
better high temperature strength 
Highly alloyed steels (> 5%) may exhibit properties 
not shown by c- or low alloyed steels: 
corrosion resistance (passivity) 
oxidation resistance at high temperatures 
cutting ability at red-hot-temperatures 
(cutting tools for high-speed machining) 
special physical properties (magnetic, electric, 
expansion). 
In alloyed steels mainly the same phases occur as already 
known from Fe-C-alloys. New phases are: alloy carbides, 
intermetallics (a-FeCr for instance), elements like Pb 
(or Cu). 
The alloying elements can be divided into two groups 
depending on whether they close or open the y-field. 
Fig. 1 indicates a clear dependence on the position of 
the elements in the Periodic Table. The only inconsistency 
appears to be the behaviour of C and N; however, this is 
easy to understand because all interstitial elements open 
the y-field due to sites of smaller strain energy available 
in the fcc lattice. 
35 
Fi_J. 1 
Pcriodic Table of Elements 
(International atomic wcights, 1955) 
11 /11. :: f'?-ef'ueHI./od(!J U? mt:'t.lr/x ~ JI 
1.ooso c . ~rel'eN!n itedt.J """ Ocd.blt>le -~ 
:J 4 _ 1".1 ' ;; f\ 7 1 M I 0 ' 10 
Li Be .., "O.S(/f /1 4,. /, ll (' N 0 F :-;., 
6.940 9.013 • (f • (HJ!f» 10.82 12.011 14.008 16.0000 10.00 20.183 r--~ 1;-=- --- 0 ;o e 111"' J A'~ /1 ;4. ~ --1-6- --~7-~ 
Na Mg Al Hi P S Cl Ar 
22.091 24.32 21l.U8 28.09 :J0.075 32,006 35.457 39.944 
~ 20 21 ::' 22 } 23 •.' 24 25 20 '' 21 /i•,' 2s l·:: 2u ao 
1
1 :n --:1-;-- --;;-;- __ 3_4 __ 3_5_-;,-
K Ca. Sc Ti V Cr Mn Fe Cu ' Ni Cu Zn Gü Ge Ae Se Br Kr 
39.100 40.08 44.96 !7.00 50.05 52.01 ö4.0:' 55.85 . 5_8.94[58.71 '03 54 05.38 (19.72 72.00 74.91 78.96 79.916 83.80 
r--;----;;---3-9- -----;--4-1-~-4-3-~--~--4-6 ___ 4_7_~1~---;-- 51 1;2 53 '---;;-
Rb Sr Y Zr Nu ~Iu Tc Hu Hh Pd Ag Cd In Sn Sb Te I Xo• 
85,48 87.63 88.02 91 22 _9~1 .9!:.~ (00) 1.0!·: 102.91 ~Oll 4 107 880 112.41 114M2 _118.70 121.76 127.61 126.91 131.30 
55 56 -s-7--;-·--;;--7-a-c 74 _7_5_--;,--;;----;-1-7-u--;;;;-. --;;-;--~---;;;;-- 83 s4 85 '--;,-
c. Bn La to llf · 'l'n W He Os Ir I Pt Au llg . Tl I Pb Bi Po At Hn 
132.91 137.36 138.02 71 178.50 1sq,.o_5 ~s~.~~ Jsß.22 _120:2. _1~2.3 !u~.,<>u . 10~ .. ~ 200.r.1 ( 204.39 201.21 200.00 210 (210) 222 
t---
87 88 89 90 
Fr Ra Ac to 
(223) 220' 05 227 ? 
Lanthanidcs 
58 I 59 ßO 61 02 113 I 04 ' f\5 I 60 07 68 li9 70 71 
Ce Pr Nd Pm Sm l'tt Gd 'J'u Dy llo Er Tm Yb Lu 
140.13 140.92 144.27 (145) 150.35 152.0 157.26 158.93 102.51 104.94 107.27 168.04 173.04 174.99 
r---------1-------------------------------------1-
90 91 92 93 94 95 90 97 98 99 100 101 102 
Actinidee 'I'h Pn U Np Pu Am Cm llk Cf Eo ~·m Md No 
232.05 231 238,07 (237) (242) (243) (245) (249) (249) (2M) I 
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The best-known example for an opening y-field is the Fe-e-system. 
Fe-er (Fig. 2) and Fe-Si are examples for systems with closed 
y-loops. There are also systems in which closing of the y-loop is 
prevented by the interaction of an intermetallic phase {Fe-Nb, 
Fig. 3). 
Systems with a closed y-loop exhibit alloys which are purely ferritic 
up to the melting point. The limiting concentration is, however, 
generally much dependent on the e-content: thus binary Fe-er alloys 
are ferritic above about 13 % er, whereas a carbon addition of only 
0.25% shifts the limiting er-concentration to 24 %. 
Those ferritic steels show no a/y-transformation. Thus they 
cannot be normalized, hardened or tempered. A grain refinement 
treatment requires plastic deformation plus recrystallization. 
A well-know representative of a ferritic steel is the 
transformer steel (0.05% e, 3-4 Si), a magnetically soft steel 
for the cores of transformers. 
Half-ferritic steels consist of non-transformable o-ferrite 
+ other phases: 
a) 0.22 % e, 17 % er, 1 . 7 % Ni: 
At high T: 0 + y 
After slow cooling from 11 oo0 e: 0 + Pearlite 
After quenching: 0 + Martensite 
b) o. 1 % e, 1 . 7 % s i, 1 5 . 4 % Mn, 1 o. 8 % er, 1 % Ti : 
At all temperatures between 1250 and 20°e: o + y 
(not hardenable) 
In systems exhibiting an open y-field the A3-point is lowered 
by the alloy addition. There are consequently alloys which are 
austenitic from RT to the m.p. Again they cannot be quench-
hardened and grain refinement is only possible by cold deformationand 
recrystallization (The danger of coarse grain formations is, 
however, lower than with ferritic steels due to the higher 
recrystallization temperature of the austenite). Austenites normally 
exhibit low yield strengths but also a high degree of strain 
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The study of the transition between an open and a closed 
y-field inside a ternary phase diagram is always an interesting 
and presumptuous task. Fig. 4 gives a schematic example for the 
special case that the two alloying elements A and B may form 
a continuous solid solution with each other. 
In carbon-containing multinary systems the phase relations are 
even more complicated. The partition of an alloy addition between 
the matrix and a carbide phase then depends on the trend to carbide 
formation. Information on those aspects is also given in Fig. 1. 
At low concentrations of a weak carbide former this element 
may be taken up in cementite as mixed crystal: (Fe, X) 3c. 
Examples are: (Fe, Mn) 3c, (Fe, Cr) 3c, (Fe, Si) 3c. 
At higher concentrations of a weak carbide former, but already 
at low concentrations of a strong carbide former alloy carbides 
(Sonderkarbide) are formed. Examples are cr 7c 3 , Mo 2c, w2c, v4c 3 , 
TiC, NbC. Frequently the alloy carbides contain also Fe in 
solid solution: (Fe, Cr) 23 c 6 = 




1 2 3 'I 
-%C 
Abb. 159. Konzentrationsdreieck 
des Teilsystems FeAB. 
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3) Specific effects of certain elements 
Distinction between alloying and residual elements. 
Mn: Normally present in all commercial steels. 
Deoxidizer (reduced hat shortness) 
Desulfurizer (MnS stringers improve machinability) 
Solid solution strengthening of ferrite 
Greatly increases hardenability 
Cr: In low~alloy steels it serves to increase hardenability, 
high-temperature strength and resistance to oxidation 
and corrosion. 
Alloy contents of 10-27 % Cr lead to the classes 
of martensitic and ferritic stainless steels with 
0 
usable hat strengths up to 650 C. 
Ni: In low-alloy steels it serves to increase hardenability 
and low-temperature toughness. 
Furthermore solid solution strenghtening of ferrite. 
A survey of the microstructure of higher alloyed 
Ni-C-steels is given in Fig. 1 (Guillet). 
1 w 
The austenitic alloys (up to 80 % Ni) are well-known 
for their special physical properties: 
hard and soft magnetic materials 
thermal expansion coefficient 
(Invar) 
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Alloys with 18-30 wt % Ni are furthermore the base for the 
so-called Maraging steels (high-strength steels due to pre-
cipitation of intermetallic compounds out of a low-carbon 
martensite matrix). 
Mo: is unique in the extent to which it increases the high-
temperature tensile and creep strength of steels (slow 
diffusion). It also increases the hardenability of steels 
and minimizes the susceptibility to temper embrittlement. 
V: Additions up to 0.05 % increase the hardenability. It 
is generally added to inhibit grain growth during heat 
treatment, thereby improving strength and toughness of 
hardened and tempered steels. -
Fig. 2- summarizes the solid solution hardening effect of some 
elements in a-Fe. Si and Mn show the strengest effect. 
From this the term hardenability has to be differentiated. 
Good hardenability means, that a low cooling rate is suffi-
cient to suppress the pearlite decomposition and to reach a 
(hard) bainitic or martensitic structure. From the metallic 
elements Co is the only one known to decrease hardenability. 
The presence of Co in steel increases both the rate of nucleation 
and of growth of pearlite so that steels containing Co are more 
difficultto harden than those that do not contain.it. 
A relative measure of hardenability is given by empirical 
"Hardenability Multiplying Factors" in the following Table: 
- 43 -
0 
5 10 15 20 
Alloy addition [wt- 0/o] 
Fig. 2 : Bri nell hard ness of bi nary a- Fe- solid solu t i ons 
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Hardenobility Multiplying Factors.* 
Percent 
1\ln Si ~-• I Cr ~lo 
! 
0.05 1.167 1.035 1.018 1.1 oso 1.15 
0.10 1.333 1.070 1.036 1.:! 160 1.30 
0.15 1.500 1.105 1.055 1.32-10 1.45 
0.20 1.667 1.1-10 1.073 1.43~0 1.60 
o.~5 1.1m 1.175 1.091 1.5-1 1.75 
0.30 2.000 1.210 1.109 1.6-1~0 1.90 
0.35 2.167 1.:.'!45 1.1 ~8 1.7560 :!.OS 
0.40 2.333 USO 1.1-16 1.8~0 ~.20 
0.45 2.500 1.315 1.164 1.97~0 i 1.35 0.50 2.667 1.350 1.1 8:! :!.OSOO I :!.50 
0.55 2.833 1.3RS 1.201 2.18SO I 2.65 
0.60 3.000 1.420 1.219 2.:!960 2.!10 
0.65 3.167 1.455 1.137 1.40-tO 2.95 
0.70 3.33J 1.490 1.155 2.51 ~0 3.10 
0.75 3.500 1515 
' 
I.:!iJ ::!.6.:! 3.25 
0.80 3.667 1.560 U91 2.7~80 3.40 
0.!15 3.833 1.595 1.309 :!.8360 3.55 
0.90 4.000 1.630 1.321 2.9-140 3.70 
0.95 4.167 1.665 1.3-15 3.0520 
1.00 4.333 1.700 1.3~ 3.1600 
-
Ahstract.•u from U.S.S. Caril/uy Stcl'ls. U.S. St,•d C<>rp .. l'ithhur~l:. 1 '148 
From the elements listed, Mn and Mo have the highest, Ni 
the lowest hardenability effect (wt % basis). 
(For a well-presented treatment of the use of these factors, 
see Reed-Hill, Physical Metallurgy Principles, van Nestrand 
Co. , 1 9 7 3) . 
To reach an optimization of properties, a combination of ele-
ment additions is generally necessary. For instance, a Ni 
addition is particularly effective when used in combination 
with Cr and Mo; the resulting steel possesses high strength, 
toughness and hardenability (LWR pressure vessel steel!) 
As an example for the phase relations encountered in more 
complex systems, we will have a closer look on the Fe-er-Ni 
ternary system (V.G. Rivlin, G.V. Raynor, Intern. Metals 
Reviews, 1980, No. 1, 21-38). 




(See P, 31-) 









In the Fe-er~stem 0 forms below 820 °e and decomposes 
eutectoidally at around 440 °e. However, all reactions 
involving 0 are extremely sluggish due to the very small 
differences in free enthalphy. So metastable a and a• can 
easily form at the expense of 0 above 440 °e (easier 
nucleation of a'-precipitation). 
The boundaries of the y-loop are very sensitive to inter-
stitial solute content (C,N). 
Fe-Ni: y decomposes eutectoidally at 345 °c. However, at 




~~g~~9~~-~~~~~~~ (Fig. ~ ) : There is a univariant line 
running from the Fe-Ni peritectic to the Cr-Ni eutectic. 
It, however, passes through a minimum just below 1300°C 
(49 % Cr - 8 % Fe - 43 % Ni). Here the peritectic and eutectic 
tie-triangles, respectively, become a tie-line connecting the 
3 phases that are in equilibrium at the T-minimum (see Fig. 6 
and T , taken from F.N. Rhines, Phase Diagrams in Metallurgy, 
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Three-phase region reduces to a tie-line 
at a ternperature rninirnurn 




The solidus projection of Fig. ~ shows the two solid 
solution (bcc and fcc) surfaces and the gap between, 
bridged by tie-lines. 
Fig. f Solidus projection of Fe-Cr-Ni system 
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As one sees, the intermetallic compound a plays no part 
in the melting equilibrium. 
f~2~~~~~~1-~~~~~2~~: Solid phase equilibria between 1300 
and 1000°e are determined solely by the co-existence of 
y and a. The two-phase field (a + y) widens as the T falls 
(compare the solidus projection with the 1000°e isotherm 





Fig. g 1000°e isotherm of er-Fe-Ni system 
The o-phase in the ternary Fe-er-Ni system has an upper 
temperature limit which is higher than in the binary 
Fe-er system (950-960°e tobe compared with 820°e). 




Fig . . 40 900°C isotherm of the Fe-Cr-Ni system 
At lower temperatures the establishment of the phase 




The narrow homogeneity range of a inside the ternary 
diagram (below 10 % Ni) expands at lower T to include 





650°e-isotherm of the Fe-er-Ni system 
z 
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No truly ternary compounds have been found in the Fe-er-Ni 
system (all phases, including a, are derived from the re-
spective binary alloys). 
The shape of the y-phase field and its T-dependence plays 
obviously an important rÖle in the swelling resistance of 
austenitic Fe-Cr-Ni-alloys. 
Further Literature to C2,3 (besides that quoted in the text) 
H. Schumann, Metallographie, Leipzig, 1962 and later editions 
R.W. Cahn, Physical Metallurgy, North-Holland Publ. Co. and 
American Elsevier Publ. Co., 1974 
M. Hansen, K. Anderko, Constitution of Binary Alloys, 
McGraw-Hill, New York, 1958 and Supplements 
by R.P. Elliott (I) and F.A. Shunk (II) 
G. Masing, Ternäre Systeme, Leipzig 1949 
F.N. Rhines, Phase Diagrams in Metallurgy, Mc Graw-Hill 1956 
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4.) Steels for Nuclear Reactors 
The structural steels for nuclear power plants (PWR, BWR, 
LMFBR) are principally the same materials as commonly used 
in pressure systems of fossil-fueled power plants. There 
are minor - but important - restrictions as to residual 
elements, for instance Co and Cu. 
To minimize corrosion products in LWR's ("crud" - adversely 
affecting heat transfer, fuel element life and maintenance), 
the inner surfaces of components in contact with pressurized 
water consist of austenitic steel. That means that the 
pressure vessel and other large diameter components of PWR's, 
as well as the portions of the primary system of BWR's ex-
posed to water, are weld-overlay clad by austenitic steel -
the base material being low-alloy fine grain ferritic steel. 
Steam piping and other components in the steam portion of 
BWR's are therefore usually unelad ferritic steel. 
In addition to loadings by stresses and temperature, the 
effects of neutron and gamma fluxes have to be considered 
in nuclear reactor primary systems. So we will also have to 
deal with radiation darnage of the steels and with changes 
induced in the (water) coolant by the radiation (stress 
corros ion) . 
Most existing and planned LMFBR's use austenitic stainless 
steels and Ni-base alloys as major construction materials 
for the (low pressure) vessel, piping and core internals. 
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4.1 Melting practices 
----------~------
The quality required for reactor steels makes it necessary 
to use special melting practices. 
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Vacuum induction melting (VIM) furnaces are used. This 
treatment leads to steels with minimum amounts of gas 
porosity and nonmetallic inclusions. 
In the following typical examples are given for melting 
practices. 
LWR, pressure vessel steel: 
Electric are furnace, melt argon-treated and 
vacuum cast 
LWR pressure vessel screws (27 NiCrMo 14 6;34 CrNiMo 6): 
Electric are furnace, electroslag remelting (ESR) 
LMFBR, cladding and wrapper: 
Melting in VIM 
Remelting in VAR 
LMFBR, tubes for heat exchanger (12 % Cr) 
VAR + ESR 
Literature to (4.1) 
Metals Handbook, 9. ed., Vol. 1, 1978 
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4.2 IrradiationDarnage and Irradiation Effects 
Before we deal with specific steels the general effects of 
neutron irradiation will be considered. 
The primary microsaopic "irradiation damage" precedes the 
appearance of technologically important gross changes in the 
solids ("irradiation effects"). Irradiation darnage analyses 
attempt to predict the nurober and configuration of the point 
defects (vacancies, interstitials) produced by the bombarding 
partiales. Only the surviving point defects (can be as low 
as 1 %) lead to the macroscopic irradiation effect (Olander, 
1976). 







< 1o- 11 s 
No importance 










-3 10 s to months 







Due to elastic interactions between neutrons and lattice atoms 
the latter may be displaced. The (maximum) transmitted energy 
U depends on the energy of the knocking partiale Ek and 
max 
the mass relation of the knocking partners 
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(hard sphere-model): 
At low neutron energies Ek' for instance 1 keV, U is 
max 
in order of size of the displacement energy for lattice 
atoms (Wigner energy, ~ 40 eV). That means that single 
isolated Frenkel defects are produced. 
At high neutron energies (> 0.1 MeV) U becomes 100 keV 
max 
or more; the lattice atom (primary knock-on atom, PKA) 
becomes a projectile itself and produces a sequence of 
collisions (displacement cascade) . Only a very crude 
description of the PKA effects is possible by the hard 
sphere model; a more realistic picture is obtained if 
atomic interaction potentials, inelastic energy losses 
(ionization) as well as the periodicity of the crystalline 
lattice are considered. 






D Ylit4Nit')' • .L-;, ~YJI,'~I~ IIIPn-, 
·- Pli/4 b'f 1/~qfrh, --- ~~~ t'/ PKA 
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Replacement collisions yield close Frenkel pairs (high 
probability of recombination). 
There are, however, two mechanisms which lead to a much 
larger separation of vacancies and interstitials: 
Focusing and channeling. 
Focusion refers to the transfer of energy and atoms by 
nearly head-on collisions along a row of atoms. (A-seldom-
precise head-on collision is not required; the angle bet-
ween the knock-on and the axis of the row of atoms is reduced 
in each successive collision: 11 focused collision sequence 11 .) 
A vacant lattice site appears at the starting location of 
the collision sequence and an interstitial is found far 
down the line of atoms: 11 focused replacement 11 or 11 dynamic 
crowdion". (Crowdion =extra atom squeezed into a line of 
atoms. The dynamic condition is a crowdion in motion. 
See Olander, 1976). 
Channeling is the complementary process whereby atoms move 
long distances in the solid along open directions in the 
crystal structure. In this case the moving atom is kept in 
its channel by glancing collisions with the atomic rows 
that serve as walls. 
Focusing and channeling affect both the number and configura-
tion of displaced atoms in a cascade. Focused or channeled 
atoms may constitute the bulk of the displaced atoms that 
escape recombination with vacancies and, therefore, may be 
mainly responsible for 11 irradiation effects 11 controlled by 
the interstitials (such as void growth, in-pile creep). 
Of special interest is the formation of the so-called de-
pleted zone at the end of range for the PKA (more closely 
spaced displacement collisions with decreasing kinetic 
energy of the PKA) . It is assumed that this zone immediately 
collapses into a planar vacancy cluster which is visible in 
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the TEM as a so-called "black-dot" damage. 
Inelastic collisions between neutrons and lattice atoms 
produce new isotopes or elements via (n,p)-, (n,a)-, 
(n,y)-, (n,2n)-reactions. Those transmutations which 
result in long-life isotopes emitting hard y- (and ß-) 
radiation lead to undesirable activation of the components 
themselves and- via corrosion products also of the whole 
cooling circuit. We will have a closer look on activation 
below. 
The inelastic collisions do produce further displacement 
darnage via the energetic recoils. 
Examples: 1) 10B + n + 7Li(0.9 MeV)+ 4He(1.5 MeV) 
(TEM observations have revealed concentric 
circular 11 Halos" or rings of dislocation 
loop darnage surrounding boron-rich precipi-
tates, located at the ends of the trajectories 
of the recoiling He and Li ions) 
2) (n,y): atoms can absorb thermal neutrons, the 
subsequent recoil of the atoms upon emission 
of the y-rays creates displacement damage. 
We will have now a closer look on the activation of metallic 
consti tuents of steel. Due to their high cross section for 















































The next table given more data on the activation of important 
alloying elements by thermal neutrons (F.Rapatz, 1962) 
I 
.Isotope .Percentage a act Active Half life I ß y 
to be of this (cross sect. Isotope time (MeV) (MeV) 
activat,ed isotope for activ. 
in the (barns) 
element 
2 3 4 5 6 7 8 
Ti 5o 5134 0,14 
,51 5,8 min 1.9,2.2 o, 32 Tl 
v51 99,76 4,5 v52 3,8 min 2,5 1,44 
er 50 4,3 11 
51 27,8 d 0,32 er -
55 100 13,4 Mn 56 2,5 Bh 0165-2181 0,82-2113 Mn 
Fe 58 0, 3 0,9 Fe 59 46 d 0,27-1156 0' 19-1,3 
Co 59 100 2,0 Co60 
5,28 a 013 -1,48 1117-1,33 
.64 Nl 1 1 1 2,6 Ni65 2,5 h 016- 211 0137-1,49 
Cu 63 69 3,9 Cu64 12,8 h 0137 1,34 
Cu65 31 1 '8 Cu66 5, 1 min 1,59 2,63 1,04 
Nb93 100 1,0 Nb94 616 min 1,3 01415 
Mo98 23,75 0,13 Mo
99 68 h 0145-1.23 0104-0,78 
181 100 19 
182 111 d 0118-0.51 0106-112 Ta Ta 
w186 2814 34 w187 24 h 0162 1 1 3 0107-0177 
The higher the values in column 3 and 4, the more of the active 
isotope (column 5) is formed. 
Fe itself is only weakly activated. 
Mn is heavily activated, however, its half-life time 
is short (2.58 h). 
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Co and Ta are the most inconvenient elements as regards 
activitation. 
Even if the Co-content in a pressure vessel steel is 
kept at 0.02% (200 ppm), it means that a 1000t vessel 
contains 200 kp Co, which givesan enormous amount 
of activition. 























[Ci · g- 1 ] with time at a neutron flux of 
1o 10n·cm- 2 . s- 1 . Saturation is reached early (late) 
with isotopes of low (high) half-life time. 
Examples are V and (Co). 
70 2 70J 70~ 70s 70 6 
Bestrahlungszeit in min 
7min 70min 7h 1d 1m 7a 70a ~5a 
70 8 
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Of even more interest is the decrease rate of the 
induced radioactivi tiy from the saturation levels ( Fig. 6 ) . 
1min 10m in 1h 1d 1m 7a 70a 25a 
-J,'k ,~ . 60 51 59 182 The group of the long half time 1sotopes Co ,er ,Fe , Ta 
51 59 . and W is clearly separated. Inconveniently er und Fe , wh1ch 
are to be found in all alloyed steels, belong to this group 
(Gebhard, Thümmler, Seghezzi, 1964). 
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In connection with the consideration of inelastic collisions 
between neutrons and lattice atoms we will have a closer look 
also on the helium production rates by means of (n,a)-reactions 
Thermal flux: The primary source of He 
in steel is due to the reaction 
B10+ n 1 ~ Li 7 + He 4 (cross section 3000 barns) 
Even the small quantities of B in stainles steel (between 5 
and 60 ppm) produce substantial quantities of He. 
NaturalB contains only 20% B10 , however, and therefore 
it is burned out of the cladding early in the life of a 
fuel element. 
A secend source of helium is the following 
two-step reaction involving thermal neutrons and Ni: 
Ni 58 + 1 ~ Ni 59 + n y 
Ni 59 + 1 ~ Fe 56 + He 4 n 
The effective cross-sections for these reactions are 
4.4 and 13 barns, respectively. 
Fast flux Comparison of Typical1000-Mw(e) Oxide Reactors 
Preliminary remark: As to be 
seen from the table, 
l{jf = 104 . l{jth in a LMFBR 
l{jf ~ l{jth in a LWR and 
l{jtot,LMFBR = 10
2 









n cm-2 sec -1 
Thermal 





( at full power), 
years 
3% 23su in 23su 15% 239pu in 23Bu 
550 1.8 
2 
1 X 10 11 




The "fast" (n,a) reactions with steel alloying or impurity 
elements set only in above a threshold energy of the order 
1 to 5 MeV. The cross-sections are given in the table. 
Effective ( n,a) Cross Sections in a 
Fission· Neutron Spectrum 






The higher flux in a fast reactor and its lower material 
cross-section as compared with a thermal reactor, lead to 
the following He concentrations in 304 SS exposed to 
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IRRADIATION TIME, days 
Helium concentration in type 304 stainless steel 
exposed to LMFBR and LWR flux spectra. [After 
A. DePino, Jr., Trans. Amer. Nucl. Soc., 9: 386 (1966).] 
The discontinuity in the He production rate in the thermal 
reactor is due to burnout of B10 . The continued rise in 
He concentration is due to threshold (n,a) reactions in 
the fast component of the neutron flux (2-step reaction 
not considered). eross-over after ~ 100 days. After 1 1/2 years 
the fast cladding reaches 100 ppm He. 
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The developrnent of the prirnary irradiation darnage 
into new structural configurations, which are in 
thermal equilibriurn and which are responsible for 
the technological irradiation effects, is highly 
ternperature and time dependent (Boltzrnann factor, 
exp (-E/kT), in the expression for the rate of 
therrnodynarnic processes or rnigratory events). 
At a very low irradiation T (T/TM=O) 
interstitials and vacancies are immobile 
vacancy clusters are forrned, as we have seen at the 
sites of the depleted zones. 
Sc ~ E n (cluster size S , neutron energy E ) c n 
However, the increase of black dot darnage with neutron 
fluence is lower than theoretically expected due to 
an anneling effect in overlapping cascades 
transrnutation products 
Via (n,p), (n,a) reactions 
67 (new) 
Fig. 7 gives a survey of the more complex phenomena at 
higher irradiation temperatures. 
Above T/TM = 0.1 (-100°C for steel) the self-interstitials 
(Si) become mobile: 
• Recombination of mobile Si with vacancies 
o Annealing of Si at V-loops (planar) or -clusters 
(3-dim.) N ~ (0 t)n, with n' 0.5 L 
o Agglomeration of Si to (small) loops and on solute 
atoms 
o Onset of irradiation creep: Si move preferentially 
to dislocations and to favorably oriented i-loops. 
Above T/TM = 0.3 (~ 250°C for ferritic steel) vacancies 
also become mobile: 
0 Recombination of mobile Si and mobile V 
e Agglomeration of V to voids (swelling above threshold 
fluence) 
• Complex formation of V with solute elements. 
One can conclude that for a LWR pressure vessel (operating 
at about 300 °C) defect clusters stabilized or nucleated by 
solute trace elements (like Cu) are responsible for the 
observed embrittlement effects. 
Also annealing (Saturation) effects are to be expected 
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At T/TM= 0.5 (~550°C for steel) the mean diffusion paths 
of atoms including generated transmutation products (He) 
become comparable to the grain sizes of the steel. The 
agglomeration of He as gas-bubbles dominates the mechani-
cal behavior by reducing the ductility (especially auste-
nites). 
At high fast-neutron fluences (> 1021 n/cm2) dislocation 
loops and voids grow to large sizes. These large effects 
require appreciable time to anneal out even in high-T 
mechanical tests. Complete recovery of the radiation 
hardening does not take place until temperatures in excess 
of soooc (0.65 T ). At still higher T only He bubbles 
rn 
remain. These are not numerous enough to cause appreciable 
h~rdenin~however reduce ductility dramatically at T up 
to the melting point. 
There is another irradiation effect, besides void swelling, 
which may lead to permanent deformation of structural 
materials: In-pile creep. It is a creep process, below the 
temperature regime of thermal creep, under the influence of 
a fast neutron flux. The SIPA-theory explains this phenome-
non by the Stress-Induced ~referential ~bsorption of inter-
~itials by favorably oriented dislocation loops and ~dge 
dislocations. The in-pile creep behavior is of great impor-
tance for the cladding and wrapper material of a LMFBR. 
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We will lirnit the scope of our consideration to the 
inner (spherial) shell of the containrnent("Reaktorsicherheits-
behälter") and rnainly to the pressure retaining prirnary cornpo-






























The main components are = 
RDB = Reaktordruckbehälter = Pressure vessel 
DH = Druckhalter = pressurizer 
HKL = Hauptkühlmittelleitung = Primary piping 
HKP = Hauptkühlmittelpumpen = Main cooling pumps 
DE = Dampferzeuger = Vapor generator 
The pressure retaining system consists of 
RDB, DH, HKL, Main pumps housings, lower primary chamber 
and U-tubing of the DE. Their integrity is the barrier 
against a type of loss of coolant accidents. 
Allthese components belang to "Anforderungsstufe 1"; to 
meet the stringent material requirements, the appropriate 
melting and working processes have to be used. 










StE 36 (E=Elektroofen) 
15 MnNi63 (1~6210) 
we will have a closer look on 15 MnNi 63. 
Chemical composition (melt). 
c Si Mn p s. Cu er Ni 
o, 12 0, 15 .1, 20 - - - - 0,50 
o, 18 0,35 1,65 0,015 0,005 0,06 o, 15 0,85 
AL ges As .Mo . Sn .Ti Nb . N V 
0,020 - - - - - - -
0,050 0,015 0,05 0,010 .0,020 0,004 0,015 0,020 
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This steel is used in the normalized condition, exhibiting 
a ferrite + pearlite structure. Compare the Time-Tempera-
ture-Transformation diagramm of Fig. 3 
In the normalized state this steel exhibits a yield strength 
Rp0 . 2 = 370 MPa and a fracture elongation A = 22 %. 
An advantage of this steel is that at thicknesses ~ 38 mm 
no stress relief annealing after welding is necessary 
(for simple geometrical configurations like a sphere and 
after a 100 % non-destructive test of all welds). 
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4.3.2 Pressure vessel 
----------------------
For safety reasons a failure of the pressure vessel 
(and of the pressurizer) must be prevented. 
For this reason a quality and safety assurance program un-
paralleled in the history of technology is presented 
for the fabrication and operation of these components 
(Literature: U.Rösler, H.Cerjak, VDI-Berichte Nr. 302,1977). 
Fig. ~ shows exploded views of pressure vessels. 
The vessel to the left is fabricated using forgings and 
plates, the other two using forgings only. 
I 
I 
. Segregation zones in the ingot center are 
removed by punching out of core 






KWU 1300 · MW now KWU 1300. MW infuture 
Reaktordruckbehälter für 1300 MW DWR 
Pressure vessel for 1300 MWe PWR(KWU) 
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The requirements for pressure vessel steels are: 
a) Sufficient strength (hardenability) and toughness 
b) low scatter of property data in the component 
c) good weldability 
d) applicability of non-destructive testing methods 
and easy failure detection 
e) low irradiati9n embrittlement 
f) high microstructural stability (40 years of operation) 
g) corrosion resistance as to cooling medium. 
In the western world two types of steel have been develo-
ped for pressure vessels and other pressure retaining 
primary components. These are low-alloyed, fine-qrained 
and toughened (quenched + tempered)+) steels of ~he 
types 
NiMoCr 22 NiMoCr 37 or ASTM A 508 cl. 2 
(1.6751) 
MnMoNi 20 MnMoNi 55 
(1.6310) 
or ASTM. A 508 cl. 3 (forgings) 
ASTM A 508 gr. B (plates) 
The chemical analyses and main mechanical properties 
at RT and 350°C are given below. 
+) This treatment results in a bainitic or bainitic-marten-
sitic microstructure. 
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ASTM A 508 22NiMoCr 37 ASTM A 533 ASTM A 508 20 MnMoNi 55 
class 2 KWU-Spez. grade B class 3 KWU-Spez. 
WS 1.1 class 1 RE-WS 1.1 
c < 0127 0117-0125 ~ 0125 ol 15-ol 25 01 17-0125 
Si 0115-0135 0110-0135 0115-0130 0115-0135 0115-0130 
Mn 0150-0190 0150-1100 1,15-1150 1120-1150 1,15-1,50 
p ~ 01025 .$ 01012 1 ) .$ 01035 .$ 0,025 $ 0,012 1 ) 
s .$ 01025 < 0,015 .$ 0,040 $ 0,025 .$ 0,015 
er 0125-0145 0125-0150 - - < 0120 
-
Mo 0155-0170 0150-0175 0145-0160 0,45-0160 0145-0160 
Ni 0150-0190 0160-1100 1 ) 0140-0170 0140-0180 0140-0180 
Co n.s. $ 01030 n.s. n.s. < 01030 
Ta n.s. 
.$ 01030 n.s. n.s. < 01030 
Al n.s. .$ 01050 n.s. n.s. < 01050 
Cu n.s. < 01 
-
101) n.s. n.s. 
.$ 0110 1 ) 
V < 0105 < 0 1Ö5 n.s. < 0105 < 0,03 
- -
Ultiimate t:ensiltT· 550-725 560 522-689 550-725 560 
strength ~ 
N/mm2 35ooc n.s 490 527 n.s. 490 
N/mm2 RT 345 392 344 345 392 
Yield strength 
35o0 c n.s 343 285 n.s. 343 
Tensile elonga- 18 19 18 18 19 tion % RT 
(Lo=5d or 2 in) 14 14 0 35o0 c n.s n.s n.s 
Reduction of RT 38 45 n.s. 38 45 
area % 
35o0 c n.s. n.s. n.s. n.s. n.s. 
Impact energy J a 41 64 n.s. 41 64 
(Iso-V-Notch spec LV 34 52 n.s 34 52 
Test-T o0 c (4.4°C) (OOC) (4.40c) (o0c) 
or 4 14°C 
1) For parts outside the core region: Cu up ro 0, 18 %; P up to 0 1015; Ni upto' 1, 20 
n.s .......... not specified 
a .......... average 
LV .......... lowest single value 
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Typical heat-treatment temperatures (for 20 MnMoNi 55) are: 
Quenching: 870-930°C, Tempering: 630-690°C. 
The fine grain results from a controlled Al(0.02-0.05%) 
and eventually V-addition. 
The two steel types NiMoCr and MnMoNi are nearly identical. 
There is, however, one difference: MnMoNi(1.6310) shows less 
susceptibility to the formation of stress-relief cracks, 
resulting in less repair work during fabrication. 
The fabrication and testing steps for a pressure vessel for-










3) Punch out of core 
Check analyais of top. and botiom discard 
5) Normalizing end lemJX!ring 
Conlrol of lernpersture 
6) Rough machining 
UT, dimensional control 
check analysis 
Bild 11. Herstellungs- und Prüfgeschichte eines RDB-Schmiederinges. Teil 1 
7) Ouenching and tempering 
~~enili~in11 
Conlrol of lemperaturo 
10) Final machining and msr>ec'llon 
8) Removal of lest coupons 
Hardness lest ' 
11) lwembling 
9) Simulated heat treatment 
and destructive Iasting 
of teat coupons 
1hmi.Z! 
Temperature control 
Mechanical and metallurgical testing 
Production weid lest 
Test coupons for actual heat 
treatment monitoring 
Irradiation teat coupona 
Sulphur prinl, MT/PT 100%, UT 100%, Dimensional control 
.UJ-~. Herstellungs- und Prüfgeschichte eines RDB-Scbmiederinge::;, Teil 2 
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Remarks: (2) Discard: Analyses to determine extent of 
macro-segreqation 
(4) and (5) : T control during those steps to assure 
a homogeneaus and testable microstruc-
ture. 
(9) Simulation of effect of stress relief annea-
ling on test coupons: Tensile, impact, drop 
weight (Pellini) ,K1c-testing. 
The continuous TTT-diagram of the steel 20MnMoNi 55 is 
shown in Fig. ~ . One sees that to avoid the pearlite 
nose the temperature must be brought down to 6oooc within 
less than 3 minutes. 
Austenitisierung 900°C 1h 
1~~~--~ 1 : · i Schmelz~ j: -<[~;n.l~~~~:rCr Mo ~~p ~~~~ 900
, A- : . 1 rr ,- .20 1.43 .215 .635 .120 .520 .006 .008 .017 .100 
800 i .- ! ~- ;--. NI + • i.J-1 I .. j i 2 - .17 1.40 .195 .625 .115 .490 .OÖ4 .008 ~019 -105 
I I Ii l ' !I I H i ',,,· 1 ~ 
700-1-j ~-t --+- (tl' ·. ~ A+F+P%1- - --- --1 - !· I-
I ( I I I I I I I 
600 1 1 li l i 'i 11x h~· ~~W--f-f+-j II=:J:::·:Q/·:r~~,~~r~rr~~~~~o~':[[[r=J 21: I : I \ 27 I \ II 500 I I i I \' 
, , I A+~+c o;\ j I I 
:1 1 ~~ 1 ' 89 -tl-+'-+--+--~_++-+8-%_, 
300 +--+--~~~~:+M'+I~~~~73~l++--+-~+r~ I ' I i II 1\ I I I 1 I HV 24lt I \ i i J : 210000 1~ +-=-.._. +-+- _ -_~,_ --+~:~:....,........,.:,..;22:=--7 =:::C:/h::=:~=:· :::: I , ~~ aa81.5x 18f75o , I I I I I i I i' I I 74.0 i il
400 
30s 1 min 5 10 20 60min 5 10h 
---ill ....... Zeit 
J:' ij ~ ~ 20 Mn Mo Ni 55, ZTU-Diagramme 
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In the center of thick walls as with pressure vessel 
flanges (560 mm ) the lower quenching rate leads to a 
higher ferrite content. As Fig. ~ shows, the influence 
on mechanical properties is nevertheless small 
(including the upper shelf impact energy). However, 
the impact transition temperature is remarkably shifted 
to higher T (see 0°C data line). 
(10,2 ,0'8 


















































Ftjt:20 Mn Mo Ni 55: Mechanische Eigenschaften über den Querschnitt ( 560mm) 
Mantelflansch, Probenlage axial 
Early US-reactors were constructed of stainless-clad steel 
manufactured by a roll-bonding process (Dresden I, Shipping-
port). Today all commercial reactors are lined with stainless 
steel by the weld overlay process. 
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Weld processes are used to connect the different 
(forged) parts of the pressure vessel and to clad the 
inside with a corrosion resistant austenitic steel. 
The weld cladding is done by the submerged arc strip 
cladding process. The strip electrode may be 60 mm 
wide, with the arc burning under a blanket of granu-
·' lar fusible basic material. The corrosion resistance 
is secured by the choice (KWU) of a stabilized auste-
nite (X 5 CrNiNb 19 9, 1.4551), the absence of cracks 
by a careful supervision of welding parameters including 
a controlled 8-ferrite content. 
Vt1r1~u.s tJ?ttf/l.J lrvclun•s a t avJ!f'l1t'!tt: 
Jv~ld t'iR#f 
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Fig.! shows a Schaef~ler-diagram in which the dark 
shaded area gives the best results. 
In the following we will deal with the mechanical 
testing of weldments and with the problern of weld cracks, 
which has gained much publicity. 
A weld consists mainly of 3 areas = weldment, heat affected 
zone (HAZ) und base material. 
Fig.g shows mechanical properties across those areas. 
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Kraftli'Jerl< Union 
_; n cr 0.2 
-- Cladding- j - HAZ- :qg 11600 I CD T ensile Strength cr 8 
N/mm2 I ® 0,2% Yield point, cr 0.2 % 
I 
@ Elongation 65 







0 5 10 15 
0 5 10 
T ensile Tests with Micro Reetangular 
T ensile Specimens; S~ripcladding 
·y-·· 
·"!" ... .-:-;·· , .... )' 
. ~. . ·-~~· 
20 25 30 35 
Specimen No 
15 20 25 · mm 
Grid Spacing 0,80 mm 
..... · ..
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A survey of mechanical testing methods is collected 
in Fig. /10. 
Note the micro tensile specimen with a 0.5 x 2 mm 
cross section (length 21 mm). 
Tyj:;e ofT est Sampling Location Cross Section of Sampie Material Property 
~w-71 k T ensile Strength Tensi!e Test Arbitrary of the Softest I ! 1 ~. 
I 'JA ~/ Region 
T echr.o!ogical (, ~ Arbitrary Deformability Be:nd Test of the Weid Joint 
Notch Bar Impact 8-$0 Not eh Impact T oughness Bending Tests 8X10mm Lateral Expansion CVN Specimen Proportion of Ductil Fraction of the Notch Region 
Drop- Weight ~ 19X50mm NOT- Temperature Test - of the Notch Region 
Fracture Mec:hanics Test r1!fU Spec:imen Thic:kness da/dN, K IC•COD Times Diameter CT Specimen of the Plastic Zone of the Notch Region 
E_,F3 Wide Plate 500X30mm Ktc• COD of the Test Notch Region 
Vickers Hardness / 
.. tf Q Hardness Traverse of the Test I ~m Range Weid Joint . 
Tensi!e Test ~ 0,3X1mm E- Modul, Yieldpoint Micro Reetangular or T ensile Strength Tensile Specim•m 0,5X2mm Elongation Grid SpacinQ: 0,6 mm 
tch B:u Impact (4{f ~ Notch lmpact Bending Tests with 3X3mm Toughness Micro- Specimen Grid Spac:ing: 3,3 mm (lfD NOT- Relation between Drop- Weight Test 19X50mm All-Weid-+Base Material +HAZ 
::::-- da/dN, Ktc• COD 
Fracture Mechanics Test / A ~ (l Specimen Thickness 
r ~ ~ r l . Relation between All- Weid-CT- Specimen Times Diameter + Base Material 
L_J. ~--J) of the Plastic ione +HAZ 
T asti ng of HAZ Krafh.verk Union 
! .·':;;' 
,w> 'J' ... · 
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It is important to note that in nuclear reactor technology 
the same requirements (testing, properties) have to be 
fulfilled for welds as for the base material.-
The phenomenon of stress-relief cracking, SRC (Relaxations-
rissbildung) has already been mentioned. Two types may 
by differentiated 
the "classical" stress-relief cracks in the 
coarse grain region of the HAZ, parallel to 
the weld direction, and 
the underclad cracks in the coarse grain 







1$1 Grobkornzone ( nßgcfcihrdcler Bereich ) 
I. A, -L1n1e Feinkornzone 
"Klassischer" NAhtflankend ß ( stress relief crack) schematisch 
Unter plalllcrungsnsse 
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Mainly research at MPA Stuttgart (Germany) helped to 
solve this problern which once led to appreciable 
difficulties during production. 
It was shown that the so-called strain in:duced 
embrittlement is a pre-stage of SRC. This embrittlement 
depends on the contents of special carbide formers 
(Mo, V, Nb) and of impurities. The success of counter-
measures could be demonstrated by a so-called "weld simu-
lation technique". It consists in principle of 3 steps . 
. Giving the same heat tretment to a large sample 
as is to be endured at a certain HAZ-area during 
welding (heating/cooling cycle) . 
. Performing a short time creep test at stress 
relief temperature, to simulate relaxation 
of welding stresses and transformation stresses. 
Establishing a creep-rupture-elongation curve as 
a function of time . 
. Measuring the tensile and notch-impact 
properties of samples which show low 
creep-rupture elongation. 
An example for creep test results is shown in Fig. 44 
The weld simulation tests did show differences in behaviour 
for areas of different structure but did not show spezial 
SRC-susceptibility or strain induced embrittlement for any 
of the areas present in the HAZ. 
Kraftwerk Union 
Creep Rupture Elongation 
l 60 % 760 oc X 20 CrMoV 121 40 
580 oc 15 MnNi 63 
Optimized 
20 580 "C} Not Optimized 
550°C 
I 
10 610 oc 





/ 610 oc 20 MnMoNi 55 




0,8 610 oc 22 NiMoCr 37 




0,1 1 10 100 h 1000 
lmprovement of. Creep Rupture Elongation in 
1300° Cl H20·0·uenched Condition 
(Simulation of HAZ- Structure), (Ref. VDEh) 
_...,. ..  Time 
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Embrittlement by hydrogen which may enter the steel 
during welding (and as a result of a corrosion reaction 
during Operation) is not considered a serious problern 
in pressure vessel steels. Delayed fractures resulting from 
the presence of hydrogen have only be observed· in steels 
much higher in strength than those used for pressure vessels 




The quality guide-lines in the Fed. Rep. of Germany 
are widely based on the "Reference NDT-Concept" 
which has been developed in the USA (ASME Code, Section 
III, NB 2300). In certain respects, however, the german 
guide lines are even more stringent. 
The system is based on 
. the Nil Ductility Transition Temperature (NDTT) 
. the impact energy 
. linear elastic fracture mechanics (Kic) 
The NDTT of ferritic steels are determined by the Pellini 
Drop-weight-Test (ASTM Standard Method, E 208-69). 
This Test, developed in 1952, has been extensively used 
to investigate the conditions required for initiation 
of brittle fractures in structural steels of 5/8 in. 
(15,9 mm) minimum thickness. 
The Drop-weight-Test employs simple beam specimens spe-
cially prepared to create a crack in their tensile surface 
at an early timeinterval of the test. The impact load is 
provided by a guided, free-falling weight with an energy 
of 350 to 1650 J, depending on the specimen size and the 
yield strength of the steel to be tested. 
Fig. ~2 shows the machine and the test conditions used. 
Type 
Specimen Size, in. of Speci-
men (mm) 
P-1 I by 3Y, by 14 
(25.4 by 89 by 356) 
P-2 "I• by 2 by 5 
(19 by 51 by 127) 
P-3 'Ia by 2 by 5 
(15.9 by 51 by 127) 























Level, ksi Strength (MPa) Level" 
ft-lbf 
30 to 50 (210 to 340) 600 800 
50 to 70 (340 to 480) 800 1100 
70 to 90 (480 to 620) 1000 1350 
90 to 110 (620 to 760) 1200 1650 
30 to 60 (210 to 410) 250 350 
60 to 90 (410 to 620) 300 400 
90 to 120 (620 to 830) 350 450 
120 to 150 (830 to 1030) 4()0 550 
30 to 60 (210 to 410) 250 350 
60 to 90 ( 410 to 620) 300 400 
90 to 120 (620 to 830) 350 450 
120 to 150 (830 to 1030) 400 550 
a Initial tests of a given strength Ievel steel shall b d t d · h h d · 
event that insufficient deflection is developed (no-t te co~ uc e W)lt t. e rop-we1ght en~rgy stated in this column. In the 












By the anvil construction (l"ig. 4] ) 
the specimens are prevented by a stop from deflecting 
more than a few mm. 
The crack-starter weld is deposited on the tension surface 
of the specimen. The weld finally is notched at the center 
of the bead length (Fig. ~9 ) . 
The test is conducted by subjecting a series of specimens 
of a given material to a single impact load at a sequence 
of selected temperatures to determine the maximum T at 
which a specimen breaks (the "NDTT"). 
The test evaluates the abilitv of the steel to withstand 
yield point loading in the precence of a small flaw which 
forms after a minute bending of the test specimen. A speci-
men is considered broken if fractured to one or both edges 
of the tension surface. Typical examples of break performance 
are shown in Fig. 1/.r-. 




YIELD POINT LOADING IN PRESENCE OF SM ALL 
CRACK IS TERMINATED BY CONTACT WITH STOP 
Drop-Weight Test Metlwcl. 
f). 4if 
93 
Typical Examples of Broken Drop-Weight Specimens. Fracture Reaches to at Least One Edge. 
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The impact energy [J] is measured using the ISO-V-specimen. 
ISO-Spitz kerbprobe (ISO. V-Probe) 
( 1 J = 0. 102 kp · m) 
Fracture mechanics tests are carried out using CT-specimens 
(see section "welding"). Fracture toughness (Krc) data as 
a function of T for base metal, weld metal and the HAZ are 
plotted in Fig. /16". 
The lower limit curve is used for design (see below) 
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Temp. °C Probengr. 
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-110 I 3 T 
-160 I 1/2 T 
-176 I 1/2 T 
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1-lj.ft: -200 -150 -100 -50 0 oc 50 
Bruchzähigkeit als Funktion der Temperatur Werkstoffe: A 533, B 1, 22 NiMoCr 37, 20 MnMoNi 55 
xx) 
I 
The "Reference NDT-concept" forms the basis for the 
Acceptance Standards in both the USA and the Federal 
Republic of Germany. The main points of the German ver-
sion are as follows (RSK-Leitlinien für Druckwasserre-
aktoren, 2. Ausgabe, 24.1.1979): 
For ferritic materials (base, weld as well as HAZ) 
the reference temperature RTNDT must be at least 
33 K below both, the lowest operational temperature 
and the temperature of the vessel pressure test. 
' 
RTNDT is established as follows: 
a. Determine the nil-ductility transition temperature 
TNDT by drop-v.eight tests. 
' JIJ() 
0 b. At a temperature not greater than TNDT + 33 C each 
specimen of the Charpy C -(Iso-V-transversal speci-
v 
men-) test shall exhibit at least 0.9 mm lateral ex~ 
pansion and not less than 68 J absörbed impact energy. 
When these requirements are met, TNDT = RTNDT. 
Furthermore in the upper shelf each (transversal) 
specimen must exhibit at least 100 J. 
c. In the event that the requirements of (b) are not 
met (~ 68 J, 0.9 mm), conduct additional C -tests on 
V 
transversal specimens to determine .the temperature 
". 




are met. In this case the reference 
= Tc - 33 °c. Thus, the reference 
is tKe higher of TNDT and /TC - ·33 °C/. 
V 
In the USA there are additional requirements under consi~ 
deration to ensure adequate fracture toughness (NB~2330) • 
Linear elastic fracture mechanics procedures limit the 
allowable loadings (Appendix G of the AS~lli Boiler and 
Pressure Vessel.Code, Section III (12.1972), "Protection 
Against Nonductile Failure"). 
According to Pellini and Puzak, at and above (NDT +33°C) 
ferritic steels are within the upper shelf region. 
(even in the presence of 
of instable crack growth 
yield point loading. See 
large flaws, there is no danger 
with ferritic steels under 
Möller, Wärme~~ Heft 5, S.99) 
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Fig. 17 shows a curve which gives 11the relationship 
which can be conservatively expected between the 
critical, or reference, stress intensity factor, 
KIR' and a temperature which is related to the 
reference nil ductility temperature, RTNDT" This 
curve is based on the lower bound of static, dyna-
rnie and crack arrest critical KI values measured 
as a function of temperature ....... 11 • 
160 IL 
r- (KIR • 26. 78) = 1.223 e 0.0145 (T. RT NOT. 160) ksi ....(i;. I 
- I 
-
where KIR = reference stress int~nsity factor 
I 
- T = temperature at which KIR is permitted, deg. F 1 
140 
120 
- RT NOT • reference nil ductility temperature V t----











-240 -200 -160 -120 -80 -40 0 40 80 1201 160 200 240 
Tamperature Relative to RT NOT• (T- RT NorJ, deg. F 
This curve is valid for ferritic steels with a 
yield strength at RT of 345 MPa or less. For higher 
yield- strength materials (as, for instance, 1.6310 
and 1.6751!), not exceeding 621 MPa, this curve may 
also be used provided fracture mechanics data are 
available on at least three heats of the material. 
Where these higher yield strength materials are to 
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be used in conditions where radiation may affect the 
material properties, the effect of radiation on the 
KIR curve must be determined. 
We have seen that the Reference NDT-concept is a 
system interrelating the NDT-temperature, impact 
energy and linear elastic fracture mechanics. 
For thin-walled components and elevated temperatures 
.. 
elasto-plastic fracture mechanics (COD, J-Integral) 
is more suited. Developmental work for LWR is under-
way. 
d) Irraqiation effects 
In chapter (4.2) we came already to the conclusion that 
for a LWR pressure vessel the planar defect clusters 
(vacancy and interstitial agglomerates) must be the 
important radiation effect. In this section we will 
see how the properties are affected by irradiation 
and how far the phenomena are understood. 
The yield strength as a function of neutron fluence and 
T is given in Fig . . //1 and /Jtf (Skd A-STH A SJJ B )~ 
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Fig. 19 Increase of yield strength in dependence of 
irradiation temperature for ASTM A 533 B 
At 5·1o19 n /cm2 the relative increase of yield strength 
s 
is about 60 % at 150°C, 20 % at 300°C and 0 % at 400°C. 
At 150°C, apparent saturation effects (two steps) occur. 
Heat treatment after irradiation (annealing) has the 
same effect as high T irradiation: at higher T defects 
anneal out. 
As regards· impact properties, irradiation affects both 
the transition temperature and the upper shelf energy. 
The former is increased and the latter depressed by ir-
radiation (Fig 0 20) 0 
6"'-IN. A302-B PLATE 
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2850C,-3·1019 n/cm2 > 1MeV 
0'-----~------~--------~------~--------~------~ 
-40 0 40 so 120 
TEMPERATURE [°C) 
Fig. 20 Charpy-V notch impact data for irradiated 
A 302-B steel (after Steele, 1966) 
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The dependence of TT and Upper Shelf Energy on fluence 









0 5 x1019 
/::,. 1 X 10 20 
- (1) 0 :s -o 
'• 
n/cm2 E>1MeV 










(1) '- 20 ~~ 
CIJ..,_ 
0-(1) 










100 200 300 400 
Fig.}4 Comparison of NDTT-transition with increase of 
upper shelf energy in dependence of irradiation 
temperature for ASTM A 533 B (Pachur, 1980) 
By comparison with Fig.~1 one recognizes that the T-
dependence of the irradiation induced increases of 
yield strength and transition temperature are similar. 
This may show that both phenomena are caused by the 
same defect clusters (vacancy aggregates? Bush, 1974). 
Mainly the transition temperature (TT) shift after ir-
radiation at higher temperatures (290°C) is influenced 
by residual substitutional elements like Cu, P, As and 
V. Fig. 22 shows the effect of Cu. By decreasing Cu 
from > 0. 1 5 % to 2_ 0. 10 %, the irradiation induced 
TT-shift for plate, weld and HAZ material is greatly 
reduced. A further reduction in maximum allowable Cu 
content to ~ 0.06 % (best steelmaking practice) will not 
substantially further improve the 550°F (288°C) radiation 

























Charpy Cv 41J transition-temperature elevations were 
less than 56°C and upper-shelf energy degradations were 
about 13% with fluences of 5 to 7·1o19 n/cm2 (E>1 MeV). 
The fact that at a irradiation temperature of 230°C the 
darnage (6TT) is independent of the level of residuals, 
whereas at 290°C appreciable darnage is only shown in 
high residual steels points to a dynamic recovery 
effect. We know from Section (4.2.2) that at the 
lower T level only interstitials are mobile, whereas 
at the higher T also vacancies become mobile. There-
fore vacancies appear to be responsible for the dyna-
rnie recovery effect. A stable Cu-vacancy binding ob-
viously stabilizes the defect clusters responsible 
for embrittlement. This may be a direct stabilization 
mechanism or act via enhanced nucleation of the defect 
clusters. 
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Quite recently (1980) D. Pachur has started to analyse 
those hardening and embrittling phenomena using hardness 
and impact tests. By annealing at different T he could 
show that various processes, characterized by specific 
activation energies, occur in different T ranges{t1.23}; 
00-~------------~--------------------------, 
A 533 B, HSST 03, GU5 ' 
. t 50-
Neutron Fluence : 1020n/cm1 
E > 1MeV . 




Arneo!ing Time : '· h · 
i 







200 300 400 500 
Armea!ing Ternperature [°C]......,. 
l- 1 -~2-4-J-4-- 1.~ 
Recovery of the Relative Incre~no of Vickcr3 
llardnoss fo.r Stecl l\ I.rrad. nt 150 °c an a 
>\~~~ FuncU.on of i\nncnllng 'l'crnperat:ur.·e, 
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It can be seen that the hardness increase due to 
a 150°C-irradiation recovers on annealing (4 h) and 
that the total hardness curve may be looked upon as 
composed of 4 hardening contributions .. No. 1 starts 
to anneal out at about 200°C, No. 2 at 290°C, No. 3 
at 310°C and No. 4 above 400°C. 
A question of great practical importance is whether 
there is a dose-rate effect. Surveillance samples 
removed from (U.S,,) commercial LWR's appear to show 
Charpy upper shelf energy and transition temperature 
shifts which are much less than would be predicted 
from (accelerated) test reactor data. The fluxes 
were 1010 (surveillance) and 1o11 -1o14 n/cm2 ·s 
(E > 1 MeV), respectively. It has been postulated 
that at low flux the embrittlement will saturate 
at a rather low fluence level due to self-annealing 
phenomena. This would mean that accelerated (high 
flux) tests give conservative results. 
The present data base, however, is too limited to 
suggest regulatory changes at this time. 
The best way to reduce the problern of embrittlement 
(especially NDTT shift) is to lower the expected 
neutron fluence in the beltline region at the end 
of life-time. This has been realized in modern design 
of pressure vessels (enlarged space between core and 
pressure vessel wall, which is filled with water and 
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steel-layers, acts as a radiation shield), see the 
table. 
Table 
Some operational Parameters for Pressure Vessel 
Steels of Light Water Reactors 
Operational Temperature [°C] 
Operating Life-time [years] 
PWR BWR 
285-316 
40 ( 1 ) 
285-316 
40 ( 1 ) 
Accumulated fluence [n/cm2 , E>1 MeV] 5 x 1018 ( 2 ) 1018 
..,.. 5 X 
Effective fast flux 2 [n/cm ·s,E>l Jl.~eVI 5 x 
- 5 X 
(1): with an availability factor of 0.8 the effective 
operation period is 32 years, 
(2): accumulated fluence is dependent upon the geometry; 
e.g. modern PWR's of Biblis-Type lie in the range 
of 5 x 1018 n/cm2 at the end of life, 
(3): typical neutron fluxes used for irradiation experi-
11 14 2 
ments of reactor pressure vessels: 10 - 10 n/cm 
(E > 1 MeV) 
The NDT-shift at the end of life fluence of 5·1o18 n/cm 2 
(E > 1 MeV) will be < 30°C with modern pressure vessel 
steels containing _::. 0.10% Cu. (The German "RSK-Leitlinien" 
prescribe an end of life fluence of maximal 1·1o19 n/cm2 
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(E > 1 Mevr Fig. 2'f shows the KWU design curves for 
the steels 20 MnMoNi 55 and 22 NiMoCr 37 for T1 =290°C. rr 
The observed recovery effects principally open the 
possibility to remove the irradiation induced em-
brittlement in the beltline region of a pressure 
vessel by a thermal annealing treatment. This option 
may become important for the first generation of LWR's 
with their higher residual element content. "Wet anneal-
ing" at 350°C is not as efficient as a treatment at a 
somewhat higher T. An upper T limit is given by the 
danger of temper embrittlement. 
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Auslegungskurven zur Vorausberechnung der Strahlen-
versprödung der RDB-Stähle 20MnMoNi55 und 22NiMoC~37 
für D?!R und SWR (Bestrahlungstemperatur ca.. 290 0) 
Real<tortechnik Werkstoffe u. Qualitätsstelle R 423 · 
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4.3.3 Pressure vessel Internals 
A survey of the cornponents inside the pressure vessel 
of a (KWU-) PWR is given by the longitudinal and cr~$S 
sections of Fig.2~and 26 . The core with the (193) 
fuel elernents rests on the lower support plate 
(Unterer Rost) which forrns the bottorn of the core 
barrel (Kernbehälter, Kernrnantel). Going upwards 
there follows the upper core plate (Gitterplatte) 
and the upper (top) support plate (Oberer Rost mit 
Deckplatte). 
The core is wrapped by the core shroud (Kernurnfang) . 
The core barrel has a wall thickness of 40-50 rnrn. This 
cornponent as well as the lower and upper support plate 
and the upper core plate are rnade of massive austenitic 
steel 1.4550 (X10 CrNiNb 18 9) in the solution annealed 
state. 
The cold cooling water passes the ringshaped Downcorner 




den Reaktordruckbehälter mit 
Einbauten 121 
I Druckbehälter 12 
2 Siebtonne 5 
3 Unterer Rost 8 11 U'l 4 Stauplatte N' 
'13' 5 BE-Zen trierstifte N 
6 Kernbehälter 7 lii Ii! 7 Formblech 14 
"' 
8 Kernumfassung 6 10 
9 Kern be häl ter-Begre nzu ng 
- +4580 Fjp 10 Brennelement 2.) II Steuerstab 
* i 12 Gitterplatte 13 Stütze oi IR"j~lllt/,1,;; I 14 Bestrahlungskanal 9 
fl! * 15 Steuerstabftihrung 3 I fec/"'11 16 Oberer Rost 
17 Deckplatte 4 18 Anhängeöse 2 _ __j 19 Niederhalter 






6 270' ~ 262' 
Querschnitt durch den Kern eines Druckwasserreaktors 
1 Brennelement mit Steuerelement 4 Reaktordruckbehälter 
2 Kernbehälter 5 Austenitische Plattierung 
3 Kernumfassung 6 Brennelement 
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4.3.4 Other pressu:re retaining primary components 
The main components of the primary system of a PWR 
\ 
had already been shown "'n f· 7/ . It can generally 
be said that there are either weld-overlay clad ferri-
tic or fully austenitic. 
Like the pressure vessel, the following components 
are made of weld-overlay clad (1.4551) 20 MnMoNi 55-
steel 
Primary piping (Hauptkühlmittelleitungen), up 
to 800 mm 12} 
Pressurizer (Druckhalter) 
Pump housings (Gehäuse der Hauptkühlmittelpumpen) 
Primary chamber of the steam generator 
The primary piping of KWU-reactors is based on seamless 
(Mannesmann) pipes, diameter about 650 mm, wall thick-
ness 50 mm. 
The pressurizer release tank (Abblasebehälter), the 
accumulator (Druckspeicher) for emergency cooling and 




X10 CrNiNb 18 9 
X10 CrNiTi 18 9 
X10 CrNiMoTi 18 10 
For castings 1.4581 G-X7 CrNiMoNb 18 10 is under 
consideration. 
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Of special importance within the pressure retaining 
primary system are the bundles of U-shaped tubes in 
the steam generator (SG). They constitute a critic~l 
barrier between primary and secondary cooling cir-
cuits. 
A longitudinal cross-section of a PWR-Steam generator 
is shown in Fig. 27 . The primary coolant, entering 
the primary chamber, flows through the u-shaped tube 
bundles. The secondary coolant water is on the outside 
of the tubes and forms a free surface within the upper 
part of the SG (Fig.~f."t-/). Above this surface devices 







Schnitt durch einen Dampferzeuger 
1 Primäreintritt 
2 Primäraustritt 








The corrosion conditions by the primary and second-
ary coolant are quite different. The primary water 
conditions are quite clear and defined (by KWU) as 
follows: 
zulässige Abweichungen 
Dauerbetrieb bei An- und Abfahrbetrieb 
und in Störfällen 
Lithium-7 -Hydroxid ppm 7 Li 1-2 0-7 
Wasserstoff ppm H2 2-4 1-5 
Sauerstoff ppm 02 <0,005 <0,1 
Chlorid ppm Cl <0,2 <1 
Borsäure ppm B 0-2500 
~H-Wert bei 25 °C 5-10,5 
Leitfähigkeit 
bei 25 °C 1-1S X cm-1 <30 
(Dauerbetrieb = long time operation 
zulässige • • • = admissible deviations during 
go and stop transients and in 
disturbances) 
LiOH is added for pH-control and also formed as a 
secondary product of the 1 ~B(n,a)~Li transmutation 
reaction. A slightly elevated pH of about 9 is de-
sired to suppress corrosion effects. 
Boric acid is used for "shim control" 
(Initial surplus reactivity is necessary to compen-
sate for "neutron poisons" - 135xe, 149 , 151 sm, 155Eu, 
157 Gd - formed by transmutations within the oxide fuel~ 
by by-pass-filtering, and burn-out of 10B, the total 
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boron content is held at the necessary level). In a 
BWR the ''shim control" is carried out heterogeneous-
ly by control rod positioning. 
~2 -additions serve to inhibit the radiolytic forma-
tion of o2 which- like Cl'-ions - enhances corro-
sive attacks. 
A high purity of the primary coolant is secured by 
continuous by-pass cleaning in ion-exchangers (50-60°C). 
Data on the general corrosion of certain materials 
under primary conditions is collected in the table: 
Zeit Gesamt- Metallabgabe 
metallverlust an das System 
[Tage] (J.!m/Jahr] [mg/dm2 X Monat] 
Alloy 600 120-300 1,4 1,5 
Alloy 800 120-300 0,6 0,5 
Alloy 801 150-210 0,5 0,5 
Stahl 
W.Nr. 1.4301 180-240 0,3 1,0 
W.Nr. 1.4550 120 1,1 1,7 
W.Nr. 1.4541 120 1,7 1,8 
Thus the corrosion rate is about 1 ~m/a. This low 
value is negligible with respect to design life 
of the equipment. However, the release of corrosion 
products is of more importance considering radiation 
protection, maintenance and repair. 
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The conditions on the outer (feed water) side of the 
steam generator tubes are more complex. Although the 
predominant part of the outer tube surfaces is covered 
by water of specified purity (Table) , there may be in 
certain location - dependent on thermohydraulic factors 
and impurity levels due to, for instance, condenser 
leaks - depositions as well as chemical reactions 
which lead to specific corrosion effects. 
zulässige Abweichungen 
Dauerbetrieb bei An- und Abfahrbetrieb Speisewasser 
und bei·Störfällen 
pH-Wert bei 25 oc 8,8-9,5 7-10,7 8,8-9,5 
Leitfähigkeit bei 25 °C ~J.SXcm-1 <50 <2 
Sauerstoff ppm 02 <0,005. 
Hydrazin ppm N2H4 0,010-0,020 
Phosphat ppm P04 2-6 <50 
Molverhältnis Na/P04 2,0-2,6 <3,0 
Chlorid ppm Cl <1 <20 
Kieselsäure ppmSi02 <4 
Eisen ppm Fe <0,02 
Kupfer ppm Cu <0,003 
·-jA}/t: }Ph4f /ff· )~tl f~r /vP Pt''-" 
Thus steam blanketing or crevices lead to depositions 
and concentration of hydroxyl ions (pH > 11) which may 
cause (caustic) stress corrosion. To minimize this danger 
chemical additions are made to the feed water (Speise-
wasser) : 
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A mixture of secondary and tertiary Na-phosphat 
(Na+/P04-
3 
= 2-2.6) 1 
Hydrazine (mild alcaline action 1 also oxygen re-
mover) 1 so-called 11 Zero-solids procedure 11 • 
To understand the material choice for the SG-tubes 
a more detailed consideration of the possible corro-
sion mechanisms has to be made: 
General (weight-loss) corrosion 
Stress-earrosion (SC) : 
a) Transcrystalline (TSC) 
b) Intercrystalline (!SC) 
Intercrystalline corrosion (IC) 
Pitting corrosion (Lochfraß) PC) 
Denting corrosion 
Susceptibility to both types of SC is covered by 
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Fig. ";;.Jtf Einfluß des Ni-Gehaltes auf die SpR~Anfällig­
keit austenitischer Legierungen 
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18/10-type Cr~i-steels (even stabilized or low c-
versions which are immune against ISC) may show 
catastrophic TSC if chloride-ions and or oxygen 
are present. This is the reason why those steels 
were only used in the first reactor generation as 
HX-tubes. To solve this corrosion problern two philo-
sophies have been followed. In the US and in France, 
for instance, the high~Ni Inconel 600 (2.4816,NiCr15Fe8) 
has been used because .it is not prone to chloride-ion 
induced TSC. With this material, however, there is the 
danger of ISC (high o, OH, traces of Pb). However, 
great improvements are possible by minimization of 
fabrication-induced residual stresses and by special 
heat treatment leading to a particular type of carbide 
precipitation at the grain boundaries. - On the other 
hand, in West Germany (KWU) the lower Ni-alloy Incoloy 
800 (1.4876, X10NiCrA1Ti 3220), in an optimized version, 
has been preferred. This alloy offers a good compromise 
as regards non-susceptibility to both TSC and ISC. The 
resistance against IC and ISC was improved by an in-
creased Ti/C-ratio (Fig. 21 ), that against TSC and 
PC by elevated Cr- and Ni-contents. Moreover the 
chloride content in the secondary water can be 
strictly monitored, controlled and kept below 1 ppm. 
(For accident conditions, KWU gives the limitation 









0,034%C )( )(0,028%C )( 0,022%C 
o+------.------~~~--~----
5 10 15 Ti/C 20 
- Stabilisierungsgrad 
geglüht 1h bei 650°C 
geprüft im verschärften 
Straußtest mit 
250 ml H2 S04 II 
;fiJ/11}~~~J~I tlt'S I,(- /lhfnfi lt:. LhCt?/e)" J?t?o 
j/(1;,-, .)/i</J,/,f,("M'HJ'fjY/Ia · 
"Denting" is a very special failure which occurred in 
US-american nuclear reactors. It describes the inden-
tation of the SG-tubes in the region of the distance 
plates by a fast growing corrosion layer within the 
slit between the two parts mentioned (Fig. 3& ) . 
The denting effect could be reproduced in the KWU-
laboratory. It could be shown that it only occurs 
if rigid tube distance plates are made of un- or 
low-alloyed steel and if the pH is strongly lowered 





von löslichen Verunreinigungen, 




Auffüllen der Spalte 
mit Korrosionsprodukten. 




Aufkonzentrierung von Salzen 
in den Ablagerungen, 
Absenkung des pH-Wertes 
im Spalt, 
Beginn des linearen 
Magnetitwachstums 
Denting does not occur if the distance plates are 
made of highly alloyed stainless steel and/or Na-
phosphate conditioning has been applied to the 
water. 
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4.3.5 Steels for the Secondary Circuit 
The tubes for the Feedwater (Speisewasser)- und Steam-
Circuit of about 400 and 600 mm diameter, respectively 1 
have to serve under conditions like those in conven-
tional power stations. The operational temperature 
is below the creep range. Therefore low-alloyed steels 
can be used. 
Previously in Germany the steel WB 35 (1.8817, 17MnMoV6 4) 
was used. After air quenching and tempering (luftvergütet) 
a bainitic-ferritic microstructure resulted. 
More recently the steel WB 36 (1.6368, 15NiCuMoNb 5) has 
been used which after water quenching and tempering be-
comes fully bainitic. 
The composition and mechanical properties of those 
steels are compiled in the table. 
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Bezeichnung nach DIN 17 006 
Werkstoff-Nr. nach DIN 17 007 
Technische Lieferbedingungen 
nach DIN, VdTÜV bzw. ASTM 










VdTÜV W-BI. 376 
~ 0,19 
0,20 ... 0,50 
1,40 ... 1,70 
0,035 
0,035 
0,20 ... 0,50 
V~ 0,19 
l\.•1echanische Eigenschaften bei Raumtemperatur 
Wärmebehandlungszustand 
Zugfestigkeit kg/mm2 
Streckgrenze kg/mm2 mind. 
Bruchdehnung 
(lo = 5 do) % mind. 
vergütet 
60 ..• 75 
44 
16 
Mechanische Eigenschaften bei erhöhter Temperatur 
Streckgrenze in kg/mm2 











VdTÜV W-B I. 377 und 
262 4.67 Ergänzung 
~ 0,17 
0,25 ... 0,50 
0,80 ... 1,20 
0,035 
0,035 
0,25 ... 0,50 
Ni 1,00 ... 1,30 
Cu 0,50 ... 0,80 
Nb ca. 0,02 
vergütet 









According to the KWU materials concept of 1977 for 
low alloyed steels (Fig. 31 ) 
it is possible that in future WB35 and WB36 will be 
replaced by the steels 20 MnMoNi 55 and 15MnNi 63, 
which we know from the discussion of the primary 






c St 37.3 
C Mn Aluminum StE 26 to 36 (17 Mn 4 to 19 Mn 5) 
C MnNi r Killed 15 Mn Ni 63 
C MnNiMo (Fine Grain) 20 MnMoNi 55 
C MnNiMoCr ) 122 NiMoCr 37 (Optimized) 
Cast Steel 
C.Mn _ IGS C 25 
C MnNiMoCr I GS 18 NiMoCr 37 
·) lmpurity Specification Corresponding to Safety Class of the Component 
Low Alloy Steels for Plate, Forging,Pipe and Castings 
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4.4.1 General remarks 
A comparison between 1000 MWe thermal and fast reactors 
is shown in the table (Olander, 1976). 









ncm-2 sec- 1 
Thermal 





(at full power), 
years 
It is to be noted that 
3% 2 3 5 U in 2 3 8 U 15% 2 3 9 Pu in 2 3 s U 
550 1.8 
3 X 10 13 1 X 10 1 1 
5 x 1 o1 3 8 X 101 5 
3 10 
3 X 102 1 3 X 10 2 3 
2 1.5 
-------------------··------
- total flux ~ = 100 • ~ t,F.R. t,Th.R. 
This large flux increase leads to a higher power 
production per unit volume in the fast reactor al-
though the fission cross sections are much lower 
---(S-ee-- Chapter. 4 .. 21 ) 
Burnup in a fast reactor is higher for economic rea-
sons. This, of course, leads to a higher neutron 
loading of the metallic materials (n/cm2 , E > 0.1 MeV): 




Of course, the temperatures also are higher in a fast 
reactor. 
The neutron energy spectra for 2 thermal and 3 fast re-
actors are given in Fig. 1. 
Fast reactors exhibit a single peak neutron distribution. 
Thermal reactors have two widely separated peaks (see BR2). 
In a thermal reactor the fluences for E > 0·1 MeV and 
E > 1.0 MeVare essentially the same, wherea~ in a fast 
reactor the E > 0.1 MeV fraction may be much la~ger than 
the E > 1.0 MeV value. 
A survey of the principal design features of a LMFBR is 
given in Fig. 2. The main components are: Reactor tank, 
primary pumps, primary tubing, intermediate heat exchanger 
(which separates the primary and secondary sodium circuits), 
secondary pumps, secondary tubing, vapor generator; ter-
tiary circuit with vapor turbines. 
There are two different modes for the arrangement of the 
components, the 
loop system (SNR 300, FFTF, Clinch River) 
pool system (Superphenix, PFR) 
In the loop system the components of the primary circuits 
are connected by tubing (SNR 300 : 200 m length) whereas 
in the pool system a single tank contains the whole pri-
mary circuit. For a discussion of the "pros and cons'' of 
the two systems the reader is referred to ISmidt, 19791. 1 ) 
----------------------
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[ oder Ferrite 12% Cr] 1.4914 '1.4923 
T= 400- 700°C 
rp8 t = 1,s-1o23 
n•cm-2 (>01 MeV) 
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Roh rleitunaen 1.4948 
T=400-600°C 












Examples of loop- and pool-type reactors are given in 
Fig. 3 and 4: 
Fig. 3: SNR 300 (loop) 
a 
Reaktorbehälter mit Einbauten von Loop-Anlagen 
a SNR-300 {illll 
A Großer Drehdeckel 
B Mittlerer Drehdeckel 
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Hot 
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In a fast breeder reactor, due to the higher operating 
temperatures and the high fast neutron flux, one has to 
deal with phenomena not occurring with LWR steels. The 
temperature levels, up to 680°C (0.57 T ) for the clad-
m 
ding tubes and up to 550°C (0.50 T ) for the sodium tank, 
m 
are within the creep range. This makes necessary for many 
core positions the application of so-called inelastic ana-
lyses, considering time dependent processes. Those ana-
lyses are very expensive and one tries to avoid them wher-
ever possible by proper material selection. 
As to the irradiation effects and their temperature de-
Pendence, reference is made to p /~ ~ 00 • 
At and above the temperature where volume diffusion starts 
(> 0.5 Tm) transmutation He (produced by thermal an~r 
fast neutrons, see chapter 4.21) may collect in grain 
boundaries. These are weakened by the bubbles or by the 
He-enhanced creep cavity formation, leading to the phe-
nornenon of He-embrittlement 
At temperatures where vacancies get mobile (0.3 T ) void 
m ----
formation and swelling sets in under the influence of a 
fast neutron flux. The void formation fades away at tem-
peratures above 0.55 T because then the point defects 
m 
are removed by recombination or migration to sinks so 
quickly that a high Supersaturation above the thermal va-
cancy concentration cannot be maintained. 
Further conditions necessary for void swelling: 
- Sinks must have a ''bias" for interstitials so that 
the vacancy supersaturation can occur. This bias is 
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caused by the !arger strain field around an interstitial; 
it causes an attraction of interstitials for dislocations) 
- Trace quantities of insoluble gases (transmutation He) 
must be present to stabilize the embryo voids.) 













300 400 500 600 700 
IRRADIATION TEMPERATURE, oC 
Ftf~ s-
- Effect of Irradiation temperatUre on swelling of 
type 304 stainless steel at a fluence of 5 X 1022 neutrons/ 
cm2 • o, transmission electron microscopy. (>, Immersion 
density. [After S. D. Harkness and Che-Yu Li, Met. Trans., 
2: 1457 (1971).] 
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At still lower temperatures, where only interstitials are 
mobile, the fast flux induced effect of irradiation creep 
is observed. As can be seen from the deformation maps of 
Fig. b and 7l , taken from Gittus (1975), the irradia-
tion creep regime takes much of the place of the elastic 
regime in non-irradiated materials. 
FIG. b 
temperature, °C 
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FIG. 7 Deformation mechanism map for tungsten of grain size 32 f.l unde~goi~g 
bombardment with energetic particles which displace each atom from 1ts latt1ce s1te 
on one occasion in every million seconds. 
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For this comparison tungsten had to be chosen. A map for 
in-reactor creep of an austenitic steel is shown in 
Fig. $l On this map the region of T and stresses rele-
vant for the operation of a fast breeder reactor is spe-
cially marked.One sees that 3 creep mechanisms are of 
importance here: irradiation creep, recovery-glide dislo-
cation creep, and Coble creep. 
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fiJ. 9 Map for in-reactor creep of SF304 stainless steel with a grain size of 
60,um. (The low temperature data correspond to yield. The diagram exactly des-
cribes the data of Seckitt and Gladman.) Solution strengthening has raised the yield 
stress and lowered the rate of power law creep of the stainlcss steel. 
The irradiation creep rate increases in a fluence and tem-
perature range where heavy void formation (which needs a 
incubation dose) sets in. Gittus suggested the equation 
€ = k1 ~ 0 + k2 s 0 
where k 1 , k 2 are constants, ~ = displacement rate, 
S = swelling rate, 0 = applied stress. 
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Fig. 1 shows the cross section of a fast reactor exhibi-
ting araund 200 fuel and 100 radial breeder elements 
(SNR.300, Mark Ia). The elements have hexagonal cross 
section with a "width over flats" of about 110 mm and 
contain 160 fuel pins each. The fuel pins have a diameter 
of 6 mm and a wall thickness of araund 0,4 mm. The indi-
vidual fuel element is envelopped by a wrapper 
which gives strength to the element and serves further-
more as duct for the sodium coolant. 
0 Brennelament ® Zweilabschaltel11man t (Innere Zone) 
0 Branna~ment @ Brutelement (Äußere Zone) 
• 
Regaltrimmelement 0 Stahlratlektoren 
f};L4 $ e4c Dlluent 0 Na Dllucnt 
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Further details of a fuel element for a 300 MWe reactor 
(honeycomb-grid, 
Fig. )_ and 3 







Brennelement eines natriumgekühlten 
schnellen Reaktors von 300 MWe [36] 
I Kopfstück 
2 Brennelementkasten (Mantelrohr) 




7 Lasche zur Befestigung 
am Mantelrohr 
HD 
At mid-core, spacer pads on the wrapper hexagons are used 
to control thermal and irradiation induced bowing of the 
fuel elements. 
- 133 -
Fig. lf gives the dimensions (in mm) as well as the par-
tition of fuel pin length (into fuel, breeder, gas plenum 
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Vergleich der Brennstababmessungen 
(Zahlen in mm, einige Angaben näherungsweise) 
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Fig. !) shows the typical axial temperature distribution 
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In contrast to this, the neutron flux distribution shows 
a maximum at the core center ("0 cm"). 
90 z [cml 
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a) General remarks 
A good cladding material must exhibit a combination of 
excellent (or at least fair) properties: 
Low neutron absorption 
Sufficient creep - and creep rupture strength up to 
700 °c 
Sufficient tensile strength at medium temperatures 
(350 - 550 °C) 
Restricted embrittlement by neutron irradiation at 
0 temperatures between 200 and 700 C 
Favourable swelling behaviour: 
Low swelling rate 
Low temperature dependence of swelling 
Restricted susceptibility to irradiation creep 
Corrosion resistance to liquid sodium 
Compatibility with (oxide) fuel as well as fission 
products 
Economical fabrication procedure 
Most of these statements are also valid for wrapper 
(or duct) materials. Their peak temperature is, however, 
somewhat lower, say 600 °c. 
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For the prototype reactors (Phenix, PFR, SNR 300, Monjou, 
BN 350, BN 600, FFTF) austenitic steels have been worldwide 
chosen as cladding (and wrapper) materials. 
TableJ: gives an overview on the reference materials for 
some of these prototype reactors and on developmental 
(advanced) materials as studied in 4 countries. In Table Q 
....__ 
nominal compositions of pertinent alloys are listed. 
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17 % er 
12 % Cr 
40-60 % Ni 
.1.4970 
.X15 CrMoV 












Nominal compositions of 
Austenitic alloys (Stainless steels and Ni-Base Alloys) 
Designation c Cr Ni Mo V 
AISI 304 max. 
. 08 19 10 
AISI 310 max. 
. 25 25 20 
AISI 316 max. 
. 08 17 12 2.5 
AISI 321 max. 
. 08 18 10 
RA 330 
.05 19 36 
A 286 max. 
.08 15 26 1. 25 0. 3 
Inconel 706 max. 
.06 16 42 
Inconel 718 max. 
.08 19 53 3 
Nimonic PE 16 max. 
. 10 16.5 44 3 
M-813 
1.4970 
( 12R72 HV 1 ) ) • 10 15 15 1 • 2 
1. 4981 
. 10 16.5 16~5 1.8 
1 ) Sandwik Steel Werks designation 
HV = High-vacuum rerrelting in 
arc furnace ( after high frequency 
melting) 
Mn Si Al Ti Nb p s· B 
max. max • 
2 1 
max . max. 
2 1. 5 
max. max • 
2 
max. max • min. 
2 1 5x C 
max. 
2 1 . 1 
1.35 0.50 0.25 2.0 .0060 
max. max. max. max. max. 
0.35 0.35 0.40 1.8 3 0.02 0.015 0.006 
max. max. max. max. 
0.35 0.5 1 5 0.015 0.015 0.006 
max. max • 
0.2 0.3 1 • 3 1 . 3 
max. max. 
1. 8 0. 35 0.45 .030 .015 .0045 
max • .max. 
1.5 0.45 1. 2 
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304 has a composition range including the classical 
18 Cr 8Ni data. Due to a "borderline" Ni-content, 304 may 
form some martensite by cooling to subzero temperatures 
or by deformation at normal temperature (Md> Ms). 316, 
due to its higher Ni and Mo contents, does not show this 
instability, which may be detrimental to the corrosion 
resistance. Due to its Mo content, 316 also has a better 
creep strength. 
As can be seen, at 
18 % Cr a minimum 
Ni-content is required 
to promote an austen-
itic structure at room 
temperature. Increas-
ing the Cr-content 
therefore requires a 
higher Ni-content 
(AISI 310, and 1.4970, 
respectively). 
It is quite interest-
ing to compare the 
stacking fault energy 
of the steels 316 and 
austenitic 
0 
1. 4970. They are below 50 and 67 mJ /m2 , respectively. 
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The higher stacking fault energy of 1.4970 induces 
a higher tendency to form dislocation - substructure cells 
a lower twinning frequency (lower work-hardening rate) 
a higher tendency to recovery (and a lower tendency to 
recrystallisation). 
Of course, the Ti-content of 1.4970 also adds to its high 
recrystallisation temperature. 
A 286 belongs to the age-hardenable ( y1 - NiAlTi ) steels. 
A typical aging temperature is 750°C. This steel forms 
a link to the y 1 - hardened Ni-base alloys Inconel and 
Nimonic. 
Up to now, with the "reference materials'' ready for service, 
irradiation effects on the cladding and core structural 
materials (and not the fission product build-up in the fuel) 
limit the operational life time of fuel elements. Limiting 
data are, for instance, the volume swelling ( 6 V/V ) which 
must remain below 10 % and the thermal creep strain below 
0.2 %. Nevertheless, the material requirements for the 
prototype fast reactors (Phenix, PFR, BN 300, SNR 300, Monju, 
FFTF) can be fulfilled by the reference materials (Phenix: 
10 000 fuel pins have surpassed 65 dpa- NRT). With a preview 
to the next reactor generation, the commercial reactors, a 
parametric study (connecting thermohydraulic, mechanical and 
neutron physical design) has shown that strategical data, 
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like breeding rate and doubling time, can be much improved 
by using advanced alloys with better swelling and in pile 
creep properties (Heinecke, Dietz, Proc. Int. Conf. on 
Irradiation Behaviour of Metallic Materials for Fast Reactor 
Core Components, Ajaccio, France, 1979, Supplement, p.21-35). 
For the first fast cores the favorite cladding steel was 
SS 316 (0.08 C, 17 er, 12 Ni, 2.5 Mo). This is still consider-
ed a good choice but there appears to be a growing tendency 
nowadays to turn to a stabilized version (316 Ti). For the 
Debene (Germany - Belgium - Netherlands) reactor SNR 300 the 
Ti-stabilized austenitic structure steel 1.4970 
(X 10 NiCrMoTi B 15 15) has been $pecified in 1974. 
b) Swelling Behaviour 
Fig. 1 shows a comparison of the swelling behaviour of the 
two reference steels 
cold worked SS 316, and 
cold worked and tempered 1.4970. 
Fig . .l/ 
Abstand von Coremilte [mm] 
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The maximum of swelling of 1.4970 is somewhat lower and occurs 
at a lower temperature as that of SS 316. The behaviour of 
1.4970 is favourable since the temperature of the maximurn is 
situated below the core centre where rnaxirnurn flux occurs. 
TEM allows an analysis of the swelling rnaxirnurn. It can be 
seen that, besides the forrnation of dislocation loops and 
network, the average void radius increases and the void con-








K.Ehrlich et al., 
19 81) 
El<tktroneMiikroskop~e om Stab BU 14 
It is well known that swelling is low in a cold-worked 
steel, due to the sink function of dislocations which 
lowers the supersaturation of point defects. 
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This effect is shown in 
Fig. J 9 The fluence 
dependence of swelling 
may be described by an 
incubation period followed 
by a linea~ increase of 
swelling with fluence. The 
"incubation fluence" 
increases with increasing 
cold work. It is not yet 
clear, however, how the 
extent of cold work 
influences the steady-
state swelling rate. 
Fig. 'f 
(after Brager et al., 
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Swelling of Type--316 StFtinless 
Steel at the peak swelling 
temperature, ~600°C, as a function 
of cold work level and fluence. 
Fig. 3 
(after Appleby et al., 
Scottsdale Conf., 1977) 
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HEDL 7701 -98. 1 
Total dislocation density in neutron irradiated 316 stain-
less steel tubing as a function of neutron fluence. The 
saturation density at high neutron fluence is independent 
of initial material condition. 
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Since the effect of cold working on the dislocation density 
fades away (Fig. f- ) , it may well be that the slope of the 
linear increase becomes independent of cold work at higher 
fluences. 
Only recently an influence of stress on the void-swelling 
of austenitic could be clearly demonstrated. This a - in-
duced swelling portion depends linearly on stress but is 
independent of the overall (stress-free) swelling. Micro-
structurally the stress effect is Observable as a change 
in the void size distribution (K. Ehrlich and co-workers, 
19 80) • 
Among the reference materials, Nimonic PE 16 presumably 
exhibits the lowest peak swelling and a relatively weak 
dependence of swelling on temperature. Its high Ni content, 
however, means a significant penalty in breeding performance. 
What will be expected (US extrapolation) for the high-
fluence swelling behaviour of advanced alloys may be seen 
from Fig. S". 
40 
23 2. 0 x 10 n/cm 2 
(E>0.1 MeV) 













The metallurgical background for this extrapolation has 
been discussed, for instance, by W.G. Johnston et al. 
(Radiation Darnage in Metals, ASM, 1976, and Scottsdale 
Conf., 1977). Structural modifications (small grain sizes, 
high dislocation densities, optimum size precipitates) 
do not exhibit a high stability in an irradiation environment 
at elevated temperatures and therefore are not considered 
the most important method for controlling the swelling of 
commercial reactor alloys. 
Help comes from the Observation that swelling depends 
heavily on the base composition. Thus the swelling of simple 
ternary Fe-er-Ni alloys varies by 3 orders of magnitude over 
the austenitic range. The most swelling resistant simple 
alloys are those with low Cr and about 50 wt-% Ni. 
The behaviour of commercial Fe-Cr-Ni-steels and of Ni-base 
alloys may be seen from Fig. ~ One sees that the austenitic 
steels (like SS 304, 316) are not situated in a favourable 
region. 
The slightly better behaviour 
of 12 R72 HV (1.4970) may be 
due to its somewhat larger 
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Pure ternary alloys swell appreciably rnore than the cornrnercial 
alloys with a corresponding er and Ni content which irnplies 
that rninor additions in cornrnercial alloys rnay inhibit swelling. 
A full explanation of the role of rnajor cornposition and of 
rninor additions cannot yet be given. The forrner has been cor-
related to the stability of the austenitic. A possible para-
rneter is the "electron vacancy nurnber'' Nv (electron vacancies 
per atorn), which has been useful in defining the stability of 
Ni-base super alloys against a - phase forrnation. Many of the 
very high swelling steels, it is true, fell in the (y + cr) 
phase field, however, particularly at higher Ni concentrations, 
Nv is not a good rneasure of swelling resistance. 
As to the effect of rninor additions, one can think of irnpurities 
irnpeding dislocation clirnb thereby lirniting the role of dis-
locations in biasing the defect populations. Or the rnobility 
of point defects is reduced by irnpurity interactions, with 
the result of an increased recornbination rate (v + i = 0) and, 
therefore, reduced loop and void forrnation. 
The developrnent of swelling resistant alloys is at full speed 
at rnany places. What has been reached end of 1980 by rneans 
of sirnulation experirnents (He preirnplantation; 70 dpa- Ni 6+ 
- 46 MeV) at Karlsruhe rnay be judged frorn a graph taken frorn 
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kommerzielle Austenite und Entwicklungsle-
gierungen (B 800-Serie) 
Reference is also made here to the good swelling resistance 
of (tempered) martensite 12 % er steels, which will be 
covered in a special lecture. 
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c) In-pile creep 
Permanent deformation (at temperatures well below the thermal 
creep range) also occurs by the in~pile creep mechanism under 
fast neutron irradiation. A certain amount of this kind of 
deformation is welcome in that it helps to avoid stress 
concentrations. A too high in-pile creep rate must, however, 
be avoided because it would cause excessive "wrapper bulging" 
at the bottarn of the fuel elements (high sodium pump 
pressure) . 
In-pile creep rates usually increase linearly with stress 
(Fig. 7' ) . 
Gilbert, Bates 
(1977) 













HOOP STRESS, MPa 
300 400 
Fig. :r HEDL 7706-29,2 
Stress dependence of irradiation 
creep as determined from pressur-
ized tubes of 20% cold worked 
Type 316 stainless steel at 475°C 
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Fig.~ shows the dependency of IP-creep on the fluence and 
on the material state of SS 316. (Ordinate = Diameter increase 
minus~ of Volume Swelling gives the IP-Creep Deformation). 
As one sees, the creep rate (slope) increases with increasing 
fluence. The cold-worked state appears to have a somewhat 
higher creep deformation than the solution annealed one. 
69 MPa 








20% CW 316SS 
4 6 8 10 
FLUENCE, lif2n/cm2 
HEOL 7706-29,5 
Irradiation cree-p in cold worked and solution annealed 
Type 316 stainless steel at 4{5°C. 
Fig. ~ 
(Straalsund, Scottsdale Conf., 1977) 
In-pile creep is only weakly temperature dependent and 
this dependence is not easily discernible at lower fluence 
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The material behaviour under irradiation in the temperature 
regime where thermal creep mechanisms set in (above about 
550 °e) , is an interesting but still controversial field of 
research. It has recently been reviewed by K. Ehrlich 
(J.Nucl.Mat., 1981). Gilbert and Lovell reported a reduced 
0 in-reactor creep rate at 700 e for SS 316 compared with 
data measured in pre- or post irradiation creep tests. 
They explain it by assuming a so-called "dynamic hardening" 
effect caused by irradiation-induced short-lived obstacles. 
In centrast to this, workers of KfK observed an enhanced 
creep deformation at 700 °e under irradiation (Fig.,10 ). 
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This diagram leads over to the properties of cladding 
materials in the pre- and post irradiation state. 
d) Tensile and creep properties 
A comparison of the dependence of tensile yield strength 
and uniform elongation upon the fast neutron fluence 
between the two reference materials 1.4970 and AISI 316 
has been made by Anderko et al. (Scottsdale Conf., 1977, 
p.65) 
At testing temperatures of 570 ~ 30 °c (Fig .. #), with 
the allowance made for a somewhat wider range of ir-
radiation temperatures, the cold-worked and aged (sa + cw 
+ a) 1.4970 still shows an initialslight increase in 
yield strength with increasing fast neutron fluence. 
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In contrast to this, the yield strength of AIS! 316 decreases 
which is indicative of fast recovery processes. So at higher 
temperatures the steel 1.4970 compares favourably with AIS! 
316 ss as to microstructural stability. The decrease in 
ductility of the two materials due to irradiation embrittle-
ment is quite similar. 
Fig . .41 
Effect of fluence on 
the yield strength and 
the uniform elongation 
of type 1.4970 and 
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Fig./.f2 shows the tensile properties of 1.4970 as a function 
of the testing temperature (~ T. ). The results are as 1rr 
expected: the yield strength decreases with increasing 
temperature and the uniform elongation shows a maximum at 
approximately 550 °C. It is to be noted, however, that at 
(1.6 ± 0.9) x 1022 fast neutrons/cm2 the matrix hardening 
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leads already to a remarkable loss in ductility whereas 
a high temperature embrittlement effect is hardly to be 
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Effect 0f test temperature on the yield 
strength and the uniform elongation of 
type 1.4970 
The low uniform elongation at T below 500 °c can be under-
stood as follows: 
There is a classical criterion (Considere) for the onset 
of necking. It states that necking begins if the slope 
dat/dEt of the true-stress I true-strain curve becomes 
smaller than the true stress a t ( "plastic instabili ty") 
dat 
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Due to the streng irradiation-induced increase in yield 
strength (and the reduced ability to strain-hardening), 
necking begins shortly after the specimen departs from 
the line representing elastic straining. 
As regards the influence of very high fluences of the order 
23 2 
of 2.10 n/cm, E > 0.1 MeV (about 100 dpa), which is the 
target dose for commercial fast reactors, on the tensile 
properties, the following can be said: 
As the yield strength "saturates•• as a function of fluence 
at 22 2 about 4.10 nf/cm one may assume that the embrittlement 
due to plastic instability will not reach ••zero-ductility". 
A change in the fracture type, however, cannot a priori be 
excluded. In fact, such a change has been observed on an-
22 2 
nealed SS 304 (above 2.10 nf/cm and at temperatures below 
480 °C). However, no normal-stress induced brittle fracture 
occured, but a shear-stress induced highly localized 
"channel fracture" as a consequence of dislocation channel-
ing (an avalanche of dislocations can be released along 
the planar channels that have been cleared of (loop-) 
obstacles by the first dislocations). A minimumuniform 
elongation of 0.3 % could be measured. 
At higher temperatures (above 600 °c) the transmutation 
helium determines the ductility. By irradiation in fast I 
thermal reactors one can simula~ the target dose of f~st 
reactors (about 100 appm He). The tensile ductility of 
such samples is at least 0,5 %. 
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Zero-ductility was measured in tensile testing ctt 650 °e 
of SS 316 tortured to 6000 appm He and 120 dpa (Bloom, 
Wiffen, J.Nucl.Mat. ~' 1975, 171), which corresponds 
to extreme and avoidable fusion reactor first wall conditions. 
Turning to creep deformation it may be generally stated 
that austenitic steels are especially prone to inter-
crystalline fracture at higher temperatures. This tend-
ency is much enhanced after a neutron irradiation, due to 
(n,a)- produced He diffusing to grain boundaries and sup-
porting the formation of creep cavities. 
As the transmutation He content is more important than dpa 
darnage (fast fluence) for the creep behaviour at high temp-
eratures, it is possible to simulate the post-irradiation 
behaviour of a fast reactor-treated material by an irradi-
ation treatment of shorter duration in a mixed thermal I 
fast reactor which produces more He in a Ni (and especially 
B) bearing steel. 
Fig./1] shows the creep rupture strengths at 700 °e of 
1.4970 in the reference state before and aftersuch a 
simulation irradiation in the reactor BR2 (Mol, Belgium). 
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This ductility reduction depends on pre-treatment and stress 
(or rupture time) as shown in Fig. 4~ 
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A comparison of the post-irradiation creep rupture strength 
of the reference materials 1.4970 and AIS! 316 can be seen in 
Fig. //S' and 46 (Anderko et al., 1976). 
Fig . . 1s- shows the results after irradiation at 575 ± 25 °c with 
fluences of 0.3 to 6.2 x 1022 in the Rapsedie reactor and with 
~ T," • s7s±zs·~c 
~ 50 Ttest • 593'' -BOOT 
., • AIS1316 cw 0 
o 1.4970sa•cw•a 0 30~==Fs=:t=~\------<---:!::-L----!:----'-___L~ 18 19 20 21 22 
P=TK·I20•1ogtr l·1Q-3 
25 




Creep rupture strength nfter fast neutron irradiat.ion, 
A comparison between the rPference mater:ials 1. '-1970 
and AISI 316 (ASTM STP-52Q, llEDL-Tf.lE 71o-Q, GEAP 14032) 
0.2 to 3.0 x 1022 n/cm2 (E > 0.1 MeV) in the EBR-2, respectively. 
Testing temperatures and rupture times are correlated by the 
Larson-Miller parameter P. (1.4970 : internal pressurized tubes; 
AIS! 316: uniaxial loading). At low values of P the cold worked 
AIS! 316 offers the better strength; however, with increasing P 
the picture changes and at the 175 MPa stress level the 1.4970 
yields the somewhat better results. This is obviously due to its 
- 158 -
higher recovery resistance which is already known from the 
tensile results. It has been checked areund the 175 MPa level 
that the separation of the two data groups is not due to 
fluence effects and that the groups cannot be merged by choosing 
a reasonable value (15 to 20) for the constant e in the Larson-
Miller expression. The biaxial equivalent creep rupture strains 
of the 1.4970 specimens (Rapsodie-bundl~ lay in a rather wide 
scatterband with the minimum above 0.2, 0.8 and 4 % at testing 
temperatures of 600, 700 and 800 °e, respectively. 
For a further comparison of the creep rupture strengths of the 
two steels allowance had to be made for a somewhat wider range 
of irradiation temperatures, namely about 600 to 700 °e (Fig.~). 
Irradiation of the 1.4970 samples occurred in the BR 2 reactor 
(Mol 3B ~ 1 x 1022 n/cm2 , E > 0.1 MeV), resulting in a high 
helium level, up to 184 appm. The scarce data on AISI 316 from 
fast reactor irradiations usable for this comparison comprise 
22 2 fluences between 0.4 and 2.7 x 10 n/cm (E > 0.1 MeV). 
Flg. 46 shows the uniaxial stress rupture cu.rves for testing 
temperatures of 600, 650 and 700 °e, respectively. 
As to be expected from its higher recovery resistance, the 
steel 1.4970 offers the longer times to rupture at all three 
test temperatures. Within the Mol 3B data of test temperature 
700 °e an influence of irradiation temperature on rupture 
life appears tobe well established (Fig.~6 ). Samples 
irradiated at 610 °e (Mol 3B3) exhibit significantly higher 
times to rupture than the specimens irradiated at 640 °e 
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(Mol 3B2). This effect is due to the higher ductilities and 







Post-irro.dintion rupturP. lire of types 1.4970 and AIS! 316 stain-
less steels n.t. Goo, 650 n.nd ·roo 0 c 
Fig. ~r shows the influence of neutron spectrum and of 
irradiation temperature on the creep rupture ductility of 
1.4970 after testing at 600 °e. The specimens DFR-irradiated 
at 490 °e exhibit improved ductility with increasing rupture 
time which proves that recovery effects during the creep 
test are strenger than the helium embrittlement of th~ 
grain boundaries. The high ductility at 7700 h is due to a 
distinct tertiary creep range. Specimens irradiated areund 
630 °e in the DFR or BR 2 reactors, however, yield falling 
ductility curves as a consequence of the helium embrittlement 
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effect which is of course strenger in the BR 2-irradiated 
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Post-irradiation ductility of the type 1.4970 stainless steel 
at 6oo0 c 
The rnerging ductility curves prove the value of BR 2-
irradiation for developrnent work on creep resistant LMFBR-
alloys .. 
The rnicrostructural changes occurring in the DFR-irradiated 
specirnens during the creep testing at 600 °c were followed 
by TEM investigations. The as-irradiated sarnples show high 
concentrations of voids and of planar faulted loops. The 
detailed data are shown in the Table. The nature of the loops 
was not deterrnined. 
Table: TEM-Investigation of DFR-Irradiated 1.4970 
Trrr. oc 490 620 
Neutron fluence, 
(E > 0.1 MeV) 
n•cm-L 3.4x1o22 7.3x1o22 
Loop concentration, cm-3 2.0x10l4 3.0x1ol4 
Void concentration, cm 3 3.0x10l4 6.5x10l4 
mean diameter nm 20 35 Dislocation line density 
( wi thout loops) 1010 cm. cm- 3 "' 2.5 not determined 
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The TEM results after the creep testing are described and 
discussed as follows: 
a) After a test time of 13 h no loops could be detected any-
more. The resolution of loops is therefore a fast process 
at 600 °e. 
b) There is an annealing of voids during the creep test and 
this process is apparently accelerated by the applied 
stress. In the strained part of the sample irradiated at 
490 °e practically all voids have disappeared. 
In the specimens irradiated at 620 °e and exhibiting a higher 
initial void volume (1.6 %), voids do also anneal during creep 
testing as can be seen from the reduction of void concentration 
as a function of rupture life (Fig. /,(R ). Since the mean void 
diameter is increasing, the amount of swelling does not change 
significantly in the gauge length within this time period. An 
explanation for this behaviour is that at high void concen-
trations the voids themselves are the most efficient sinks for 
the absorption of emitted vacancies. The illustrated changes 
in void concentration and void sizes lead to a reduction of 
the matrix hardening during creep testing, as can be calculated 
by an Orowan model. This decrease in strength is, however, 
not reflected in an improved ductility - due to the overriding 
effect of grain boundary helium embrittlement (Fig.~~ ). 
c) The dislocation line density decreased in the specimens 
irradiated at 490 °e from 2.5'1o 10 in the as-irradiated 
state to about 0.5"10 10 cm/cm3 after creep testing 
(600 °e, 7644 h). 
a) as irre.diated 
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b) as irradiated + creep tested 
13 h/60o0 c 
0.1 IJI"l 
,_______, 
Annealing of voids in the gauge length of Type 1.4970 (sa+cw+a) 
c) as irradiated + creep ':.ested 
1659 h/600°C 
~ 
' () ~ 
\t ~ 
A survey of the fracture types occurring in pre- and post 
irradiated austenitic stainless steels in tensile and creep 
testing is given in Fig.4# and 2tl 
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Schematic Representation of 
the Fracture Behavior of 
Austenitic Stainless Steels. 
(From unpublished data of 
R. W. Sindenman and E. E. 
Bloom.) 
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Schematic Representation of the 
Fracture Behavior of Austenitic 
Stainless Steels After Irradia-
tion to High Fast Neutron Fluences 
(~5 x 1026 n/m2 (E > 0.1 MeV). 
(From unpublished data of R. W. 
.Swindeman and E. E. Bloom) 
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which were taken from M.L. Grossbeck et al., Scottsdale 
Conf. , 1 9 7 7, 9 5. 
The in_fluence of irradiation mainly shows up by 
a larger region of g.b. cavitation, since He pressure 
promotes growth of cavities 
Disappearance of the shear failure region leading to a 
slant fracture (low homogeneaus deformation in irradiated 
material) 
the appearance of an entirely new phenomenon, the 
"channel fracture" 
(Ductile tearing in short time tensile tests: 
fracture surface .1. a ; internal cavi ties open at precipi tate 
particles and failure occurs by tearing between them) 
- 164 -
e) Phase Instabilities during high temperature service 
As can be judged from the section through the Fe-Cr-Ni-C 
- phase diagram, a solution annealed austenitic Cr-Ni-steel, 
will precipitate (at least) carbide phases at temperatures 
corresponding to the operation of a LMFBR (400-700 °c). 
Due to the complex 
composition of tech-
nical steels also 
other phases (for 
instance nitrides, 
intermetallics) may 
form. This change 
may have a profound 
L•C+y 
Iimit of solid solubility of 
carb'1d12 in austenite 
austenite • carbides 
0·8 1·0 
influence on the Effect of carbon on solubility 
physical and mech- of carbides in 18Cr~8Ni steels 
anical properties. (from Chromium-nickel austenitic 
Looking at cladding steels, F.H. Keating, Butterworths, 
and core structural London) 
materials, however, 
not only time and 
temperature have to be considered as parameters, but also 
the neutron fluence. In fact, irradiation induced phase 
changes form a fascinating field of metallurgical research 
nowadays. 
The base for such studies are so-called TTP-diagrams, in 
which the effect of annealing time and temperature on a 




































• 873 K 
D 973K 
• 1073 K 
o 1173 K 
102 103 104 105 106 107 Zeit [s] 
0,1 10 102 103 [h] 
Abhängigkeit der Gesamtausscheidungsmenge von 
der Auslagerungszeit für die lösungsgeglühten 
Proben (25% kv + 1403 K-30 min.) '(Charge B). 
102 103 104 105 106 107 Zeit [ s 1 
0,01 0,1 10 102 103 104 [ h 1 
Zeit-Temperatur-Ausscheidungsdiagramm für die 
lösungsgeglühten Proben (25% kv + 1403 K-30 min.) 
des Stahles 1.4970 (Charge B). 
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Fig. 24 shows the behaviour of the steel 1 . 49 70 
(0,09 C; Ti/C = 5,1; B = 45 ppm, A.F. Padilha et al., 
J.Nucl.Mat., 1982). The upper part gives the time and 
temperature dependence of the total amount of precipitate 
phases. Two of the curves exhibit a maximum indicating 
resolution processes. 
The lower part of the figure shows that 3 phases precipitate: 
a boride M2B = (Cr, Fe) 2 B, M23 c6 = (Cr, Fe, Mo, Ni) 23 c 6 
and (Ti, Mo) c. Around 1100 K, M23 c6 forms but after 100 h 
it goes into solution again and is replaced by the other two 
phases. How can this behaviour be understood? Fig. 2Z shows 
the variation of the free formation enthalpy with temperature 
for TiC, Cr 23 c6 (and NbC). TiC is the stable phase in the 
whole temperature regime. The appearance of M23 c6 at lower 
temperatures must therefore have purely kinetic reasons. Its 
nucleation must be easier (both carbides are initially co-
herent to the matrix) and its faster growth is reasonable 
considering the higher diffusion coefficient of Cr in com-
parison with Ti. 2.s-1 t cm a 
1073 K). 
At higher temperatures > 1173 K) only the stable phases 
make their appearance. 
It is remarkable, that even after prolonged annealing no 
intermetallic phases (like cr or Laves) occur in 1.4970. 
Such phases are unfavourable due to their embrittling 
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in the microstructure, the position of 1.4970 well inside 
the austenitic field of the well-known Schaeffler-diagram 
(Fig. 23 ) explains this behaviour. 
The results on 1.4970 were obtained mainly from X-r.ay 
diffraction analyses of bulk-extracted residues. In studying 
irradiated samples one must rely upon electron microscopic 
in si tu - analyses ( selected area diffraction, energy dis-
persive X-ray analysis EDAX). Herewith phase identifications 
are more difficult. Therefore it has not yet been con-
clusively established whether intermetallic phases will also 
not form in 1.4970 under heavy neutron irradiation. According 
to Weiss and Stickler (Met.Trans. ], 1972, 851) the formation 
of intermetallic phases may be enhanced under neutron irradi-
ation (accelerated substitutional diffusion kinetics, prefer-
ential nucleation by increased lattice distertian in the 
irradiated matrix). 
A time-temperature-precipitation (TTP) diagram for the 
solution annealed steel AISI 316 (0.066 % C) is shown in 





























The M23 c 6 carbide appeared after very short aging times while 
the formation of intermetallic phases n (Laves) I Chi (a-Mn-
structure) and a (tetragonal) occurred after more than 100 and 
1000 h, respectively. A certain resolution of M23 c6 could be 
observed because the intermetallics are thermodynamically the 
stable phases. (After precipitation of a certain amount of 
intermetallics, the C - solubility of the Mo - and er - de-
pleted matrix increases which results in that resolution of 
Thanks to a quite recent paper by Yang, Brager and Garner 
(1980), there is information on the irradiation effect on 
the phase stability of 316. These authors could show on 316 
heats with C between 0.04 and 0.056 % (quite similar to Weiss 
and Sticklers heat), that irradiation (1.4"1o 23 n/cm 2 , 
E > o. 1 MeV) does "modify both the stability of the austen-
itic matrix and the precipitation reactions. For instance, 
the phases y' (Ni 3 Si) and G (Ni-silicide) are formed in 316 
only during irradiation and would not otherwise be produced. 
The formation of these irradiation-induced precipitates has 
also been shown to affect the matrix composition by depleting 
it of certain solute elements (Ni, Si). A similar irradia-
tion-induced concentration of these solutes in the thermally 
stable phases has also been observed. The development of 
these irradiation-induced and irradiation-altered phases is 
also expected to affect many properties of the material such 
as the mechanical properties, the creep and swelling behaviour, 
and possibly the corrosion resistance." 
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In total, after irradiation between 460 and 650 °c six 
precipitate phases were encountered: 
y' (Ni 3Si), G (Ni-silicide), n - silicide, M23 c6 , M6c and 
Laves 
The precipitates were classified as 
thermally stable, but modified 
irradiation - enhanced 
irradiation - induced and 
irradiation - transformed 
As to the irradiation - induced phases (y;, G-phase), it has 
been observed that if the temperature is maintained but the 
irradiation ceases, both phases start to dissolve, indicating 
that they require irradiation for continued stability. These 
phases are naturally rich in Ni and Si. On the other hand, the 
M23 c6 and Laves precipitates normally found in the thermally 
aged 316 contain only very low levels of Ni and Si; under the 
added influence of irradiation, however, Ni and Si are enriched 
in these precipitates ("infiltration- exchange"). 
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B. Weiss, R. Stickler, Phase Instabilities during high 
temperature Exposure of 316 SS, Metall. Trans. l' 
1972, 851 
A.S. Grat, J.E. Spruiell, Metall. Trans. A, 6A, 1975, 2023 
M.V. Vaidya, Über den Einfluss der Bestrahlung auf die 
Stabilität von Ausscheidungen, 
KfK 2567 (Kernforschungszentrum Karlsruhe), Dezember 1977 
W.J.S. Yang, H.R. Brager, F.A. Garner, Radiation-Induced 
Phase Development in AIS! 316, Symposium on Irradiation 
Phase Stability, Pittsburgh, Pa., USA, 1980 
A.F. Padilha, G. Schanz, K. Anderko, Ausscheidungsverhalten 
des titanstabilisierten austenitischen Stahls 
15 Cr- 15 Ni- 1 Mo- Ti- B (Din 1.4970), 
tobe published in J. Nuclear Materials 
- 172 -
f) Influence of sodium coolant 
Generally speaking the following reactions may be expected 
if a liquid metal is in contact with a solid material: 
1) Stagnant liquid metal: 
Dissolution of the solid material is mainly controlled by 
the solubility of this material (or constituents thereof) 
in the liquid metal. An equilibrium is reached if the 
chemical potential of a specific element has the same value 
in the solid as in the liquid metal. 
On the other hand, if the liquid metal contains as impurity 
elements like C or N, they may be taken up by the solid if 
the chemical potential difference points in this direction. 
2) Recirculating (loop) systems: 
Continuous mass transport: elements go into solution in 
high-temperature regions and deposit on or diffuse into 
the solid material in low temperature regions where the 
solubility in the liquid metal is lower. This process is 
self-sustaining as long as the temperature difference exists. 
3) Liquid-metal embrittlement: 
It requires the presence of tensile stress, similar to the 
case of stress-corrosion cracking. Cracks are initiated and 
propagate rapidly through the solid material. 
Example: 4130 steel (0.3C, 1Cr, 0.2Mo) has been known to 
crack within 1 min at an applied stress of 103 MPa 
when contacted by liquid lithium. 
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What now occurs if liquid high-purity sodium is in contact 
with austenitic stainless steels as in a LMFBR reactor? The 
Na-coolant inlet and outlet temperatures are about 380 and 
550 °C, respectively. The cladding (at hot spots) may reach 
670 °c. 
At first the statement can be made (from fuel pin examinations) 
that even heavy fast neutron irradiation obviously does not 
significantly change the corrosion behaviour of austenitic 
stainless steels in sodium. Thus the results of "cold loop" 
system studies are well suited for the evaluation of the 
material behaviour. 
Fig.2~ shows the flow diagram of one of the Karlsruhe sodium 
high-temperature corrosion loops. 
TI-III are three parallel test sections in the hot part, in 
which corrosion and internally pressurized tubular creep speci-
mens were placed (6.0 mm diameter, 0.38 mm wall thickness). 
Materials: Ti - or Nb - stabilized steels 
1.4970 (X 10 NiCrMoTi B 15 15) 
1 . 4 9 81 (X 8 CrN iMoNb 1 6 1 6) 
1.4988 (X 8 CrNiMoV Nb 16 13) 
The overall corrosion of austenitic steels in sodium, as 
measured by weight loss, is mainly determined by the oxygen 
content of the sodium. There is a nearly linear dependence 










Flow diagram o!' thc ~odium higiHl'mperaturc l'orrosion \oop. 
at 973 K: 
log k = 0.3385 + 
0.922•log c 
0 
The weight loss is 
due to the select-
ive leaching of 
substitutional 
alloying elements 
(Cr, Ni, Mn, V, Nb) 
This gives rise to 
structural changes 
in subsurface areas 
of the cladding 
tubes (lj.J7). 
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A ferritic subsurface layer as well as ferritic zones at 
grain boundaries are formed. Mo is the only element being 
enriched in this area. 
Although the carbon concentration in the sodium was kept low 
(0.1 - 0.2 ppm) there occurred a carbon uptake into the 
stabilized steels 1.4970 and 1.4981 (X 8 CrNiMoNb 16 16), up 
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Distance from Surface, 11m 
Fig. ~ Comparison of carburization profiles due to sodium 
exposure at 873 and 973 K (5000 h). 
The increase of the carbon concentration corresponds to the 
difference in the chemical potentials for carbon in sodium 
and in the steels. In addition, even the carbon concentration 
profiles in the cross sections of the tubes are in accord-
ance with the carbon activity changes due to the selective 
leaching of er and the stabilizing elements. 
Fig.2& summarizes the corrosion effects for cladding tubes 






























Fig.Jf:changes in the outer half of the wall thickness of 
1.4970- cladding tubes after 10 000 hin Na of 5 m/s flow 
velocity with 5 and 10 ppm oxygen, respectively, at 700 °c. 
The removed material ("Abtragung") can be even further 
reduced by lowering the oxygen concentration level to about 
1 ppm. This is not necessary for reasons of the life time of 
the fuel element, but may be attractive considering the 
transfer of activated elements into the reactor loop system. 
An interesting point is also the behaviour of the element 
boron contained in steel 1.4970. After 5000 hin the sodium 
stream of 700 °C the bulk content in the tubes decreased from 
54 to 22 ppm. This loss (which appears to increase with the 
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carbon content of the sodium: Borgstedt et al., 1977) is 
tolerable in view of the fact that 20 ppm B are sufficient 
to improve significantly the intergranular cohesion 
(Donati, et al., 1978). 
Turning to creep behaviour in sodium it can be stated that the 
creep rate of austenitic cladding tubes is nearly unchanged. 
This may be commented by saying that the weakening effect by 
the depletion of substitutional elements in surface zone is 
obviously balanced by the bulk hardening due to carbon uptake. 
A "liquid metal embrittlement" effect does not occur with 
austenitic steels. There is, however, an effect of Na on the 
creep ductility in that the tertiary creep range is somewhat 
shortened. This hardly affects the rupture time. We will return 
to this theme in discussing the tank and primary tubing material. 
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g) Application of high-strength alloy 718 
Special mention should be made of the application of Inconel 718. 
Design needs in certain specialized areas in the upper (hot) 
internal core structure require a high-temperature, high strength 
alloy and can only be satisfied by alloy 718 
(Upper contact pads, rods for emergency shut down system). 
A comparison of the creep rupture strength with steel 1.4970 













1 . 4970_~- --J:::- Alloy 718 
( ref. state) --cv 
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Rupture Li fe, hr 
Fig. ]P eomparison of creep rupture strengths at 700 °e 
between Inconel 718 and 1.4970. 
(718: W.Q. from 980 °e + 720 °ej8h, F.e. to 620 ° 
for total of 18 h 
1.4970: cold-~orked and annealed = "ref.state") 
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Whereas in 1.4970 the volume fraction of carbide available for 
hardening is limi ted by solubili ty considerations, the Ni - base 
alloy is age - hardened by a large volume fraction ( ~ 30% ) of the 
intermetallic y' - phase Ni 3 (Al Ti) . Moreover, the crystal 
structure ( f.c.c.) and lattice parameters of y' and matrix are 
similar, which leads to coherency and low energy interfaces 
low coarsening rates according to the Lifschitz - Wagner 
equation ) . 
0 Besides excellent creep strength up to 700 C Inconel 718 ex-
hibits also high fatigue strength. Another outstanding charac-
teristic is its slow response to age hardening. The slow re-
sponse enables the material to be welded and annealed with no 
spontaneaus hardening unless cooled slowly. This alloy can also 
be repair-welded in the fully aged condition. 
As stated above, alloy 718 is also in the OS - development 
program for cladding. 
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4.4.4 Structural rnaterials (Vessels and Prirnary Tubing) 
In chapter 4.4.1 the two different types of LMFBR's (loop and 
pool) were characterized. In the following we will concentrate 
on the loop-systern and preferentially on the SNR-300 reactor. 
The core of this reactor is (see 4.4.1) enveloped by 3 vessels 
(tanks): 
. Schildtank (shield vessel) 
. Reaktortank (reactor vessel) 
. Doppel(Sicherheits)-Tank (double or safety vessel) 
The inner two vessels and iso-fluence lines in their region 
after 16 years of operation are shown in Fig. /.1. 
What are the functions of the shield vessel? 
They are three-fold: 
• Duct for the sodiurn flow under normal and ernergency 
conditions (see Fig. 2) 
• Neutron absorption (cover for the reactor vessel) 
• Energy absorption (by plastic deforrnation) in case of 
a very hypothetical Bethe-Tait-accident (core rnelting) 
It is quite obvious frorn what we have learned already that 
due to the rather low fluence regirnes we will not have to 
tackle with problerns like void swelling or in-pile creep. 
Furtherrnore, the elevated ternperature levels present will pre-






Fig. ;/ Schematic drawing of the reactor core and its 
main surrounding components. The iso-fast-fluence 
(E > 0,1 MeV) contour lines, after 16 years of 
reactor operation, have been indicated with 
interrupted lines; fluence unit: n.cm- 2 . 
Höwever, the He - embrittlement effect (high T embrittlement) 
will definitely have to be considered. 
Extended parameter studies have been made, whereby the conditions 
existing during reactor operation served as a basis for 
establishing the test parameters. Irradiations were carried out 












(Na-fiZZed for heat 
removaZ) 
for vessel and shield tank in the reactor core - midplane and 
for the reactor outlet, respectively. The neutron dose levels 
in the irradiation experiments were fixed at 10 19 and 5 x 
1o20n.cm- 2 (E > 0.1 MeV). The former value will be reached at 
the end of reactor life in the midplane of the vessel, the latter 
in the shield tank - midplane and the center of the grid plate. 
As a rule, test and irradiation temperatures were the same. 
However, for creep tests the temperature of 723 K (450°C) is 
too low to be of engineering significance and therefore only 
tests at 823 K (550°C) were carried out. 
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In the following we will consider the influence of irradiation 
on tensile, creep and fatigue properties. 
The n-dose levels mentioned above (1o 19 and 5 x 1o20njcm, 
E > 0.1 MeV) correspond to 0.3 and 7 appm He, respectively. 
This follows mainly from the B-content which is typically around 
10 ppm. 10B is by far the most important source of He ( 10B < n, 
a > 
7Li- reaction). The second largest He source, the 2-step 
transmutation of 58Ni to 56Fe, supplies two orders of magnitude 
less He in the fluence range investigated and is, therefore, to 
be neglected. 
The onset of He embrittlement is at surprisingly low He-contents 
as may be seen from Fig. J (tensile) and Fig. ~ (creep). 
The onset decreases with decreasing deformation rate: 
~ 10- 3 appm He (tensile), ~ 10- 5 appm He (creep). 
16 2 The corresponding thermal neutron fluences are ~ 10 n/cm 
14 2 
and ~ 10 n/cm . 
On the other hand, the results indicate that above 0.5 appm 
He (5 x 1o18n/cm2 ) the embrittlement does not further increase, 
20 2 
at least not up to 10 nth/cm . 
Without going into much detail the following relation between 
creep-extension vs. He-content will be presented (van der Schaaf 
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ATOMIC HELIUM FRAGTION , appm .....,._ 
Dependence of tensiZe eZongations on heZium content 
creep extension. 
grain diameter. 
density of critical sized cavities on the grain 
boundaries other than helium bubbles. 
fraction of helium atoms in critical sized bubble 
on the grain boundaries. 
nurober of helium atoms produced in the steel by 
thermal neutron reaction with 10B per unit 
volume. 
nurober of helium atoms in a bubble of critical 
size. 
The fraction f will heavily depend on the initial distribution 
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Fig. ~ The effect of heZium content or thermaZ neutron fZuence 
on the maximum creep extension and time to rupture for 
a stress of 240 MPa at 823 K. 
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when rupture stresses of base and welded material are compared. 
In the base metal B has segregated to a large extent on or 
near to grain boundaries, whereas in the dendritic weld metal B 
is distributed homogeneously due to the rapid quenching. In the 
unirradiated state, the base metal shows the higher rupture 
strength. After irradiation, however, this advantage is lost 
due to the relatively higher He-embrittlement of the base mater-
ial. (Fig. S ) 
r75 
o - Reference Base material, 2.5 h at 913 K 
150 
o -lrradiated Base material, 3.6*10111 n.m -a 
" - Reference Welded joints, 2.5 h at 913 K 
+ - Irradiated Welded joints, 2.6"10111 n.m -a 
Material DIN 1.494-8 
Base material, Welded joints 
Reference and Irradiated condition 
Creep temperature 823K 
50 100 1000 
Time-to-rupture (h) !0000 
Fig. ~ Camparisan af creep praperties af parent metal 
and welded jaints in irradiated 1023 n.m- 2 
(E > 0.1 MeV) and reference canditian 2.5 hat 913 K. 
The relation also indicates that a grain- size reduction will 
yield an appreciable ductility improvement. 
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Since the structural components of a breeder reactor will have 
to withstand also instationary operational conditions, (low 
cycle-) fatigue darnage besides and in addition to creep has to 
be considered. 
Low cycle fatigue tests under constant strain range conditions 
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cycles to failure 
Fig. b. Cyclic life curves of plate metal and welded 
joints DIN 1.4948. At ?23 K and 823 K~ tested 
-3 -1 
at astrainrate of 3.10 s . 
The fatigue lives at 550 °e (823 K) are shorter than at 450 °e 
(723 K) and the fatigue life of welded joints is about half that 
of plate metal. 
The effect of irradiation on fatigue life of plate metal increases 
0 
with increasing temperature and fluence. At 450 e there is, 
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however, no effect of irradiation on cyclic life. Crack in-
itiation of irradiated and unirradiated specimens is clearly 
transgranular. 
0 20 2 At 550 C and after irradiation to 5•10 n/cm ( E > 0.1 MeV 
the fatigue life was about 20 % reduced and the scatter was 
significantly increased. This is due to subsurface local inter-
granular cracking events. The results gained with 1.4948 fit 
well into U.S. results on steels 304 and 316 (Fig. r ). 
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10" 1()20 1021 1Ql2 1023 
NEUTRON EXPOSURE, n/cm1, E >0.1 MeV 
Fig. 7Z Reductions in Zow cycZe fatigue Zife of 
Type 304 and 316 stainZess steeZ as 
affected by neutron exposure. 
Figure from Michel, D.J. 
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As already mentioned, an important issue is the interaction of 
creep and fatigue damage. 
For analyzing this high-temperature problem, several approaches 
are possible {L.F. Coffin et al., "Time Dependent Fatigue of 
Structural Alloys- a general Assessment", ORNL- 5073, Oak 
Ridge Nat. Lab., USA, 1977). 
The method specified by the ASME Boiler and Pressure Vessel 
Code is based on the summation of cycle and time fractions 








There are several ways possible to carry out reasonable accel-
erated laboratory tests. It is, however, still an open question 
which of those tests allows the best extrapolation to real long-
term service conditions. 
An approach which has found extensive application with AISI 304 
and 316 is the hold time test. For austenitic steels hold times 
within the tension-phase of a LCF loading represent the most 
severe loading conditions and the strain-controlled variant, 
called ''cyclic relaxation", has been selected for the study of 
the behaviour of steel 1.4948 in the unirradiated and pre-
irradiated states. For this type of test the cycle fraction in 
Nh 
the equation becomes ~, with Nh and Nf being the nurober of 
f 
cycles to fracture in a hold time test and in a pure cyclic 
test (zero hold time), respectively (at zerohold time Nh = Nf). 
For a treatment of the more complicated time fractions, see 
- 192 - ( 
w. Scheibe et al., IAEA- Specialist Meeting on Properties of 
Primary Circuit Structural Materials Including Environmental 
Effects, Bergisch-Gladbach, West Germany, 1977 (IWGFR I 22), 
p. 210. In strain controlled tests stress relaxation occurs 
during each hold period and it is no easy task to define the 
stress and the corresponding creep rupture time tf. 
Fig. g shows the influence of hold-time and temperature on 
the nurober of cycles to fracture. 
I 
o45o"C 
I AE -1"' IIISOOOC 
I Ll t- ,. I " 
i E=3 10:13' A550 c I x s •sso"c 
l___ _D~7~50~~~~------~ 
Fig. f Haltezeit IH (minJ----
It appears that the curves flatten out beyond a certain 
"saturation hold time". 
In Fig. ~ a so-called interaction diagram is shown for 550 °c. 
The distance of the experimental rupture points from the design 
curve is a measure of the inherent safety factors. However, in 
actual reactor operation the strains will be smaller and the 
hold times will be langer which may lower the safety factors. 
















Finally Fig. /.10 shows the influence of irradiation on the 
hold-time behaviour. As is to be expected hold-times, leading 
to creep damage, cause a reduction of the cycles to fracture. 
!"' : ' 
Fig. 40 & unbestrahlt 
e bestrahlt 
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0,1 3 10 30 60 100 
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Especially for a loop type reactor with its extended 
primary tubing the question as to the possible failure 
mechanisms is an important one. If one can exclude a 
sudden fracture (instable crack propagation) then neces-
sary safety measures can be minimized. A so-called ''fail-
safe" behaviour is exhibited if under most unfavourable 
operational conditions a crack nucleus grows until the 
tube wall is penetrated leading to a easy-to-detect sodium 
leckage. The crack length at the moment of penetration 
must be significantly smaller than the critical crack 
length for instable crack propagation ("Leckage-before-
rupture"-criterion). Austenitic stainless steels (type 
304, 1.4948, 316) have been shown to fulfill these re-
quirements and, therefore, the above mentioned criterion 
- 195 -
has already been acknowledged for several prototype 
reactors (including Superphenix, FFTF) by the regula-
tory commissions. 
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PART II: 
Nuclear moderator, absorber, shielding 
and coolant materials as well as 
nuclear fuels and fuel elements 
K.R. Kummerer 
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A.l. Survey on Moderator Materials 
In thermal reactors the fast neutrons that are produced at the 
fission process are to be slowed down, this means, they have to 
loose most of their original kinetic energy. This slowing down 
process is performed by interaction with suitable materials, 
which are called moderators. As neutrons are not influenced by 
electrical forces, only a mechanical interaction can be effective, 
the most important process being the elastic collison between 
neutrons and moderater atoms. The energy transition in such a 
collision process depends primarily on the masses of the two 
collision partners. It is easily to be understood that only 
partners having equal or - at least - not too different masses 
are effective in this respect. This is the reason for the fact, 
that moderater materials are only to be found within the light 
elements at the beginning of the periodic table, e.g. in materials 
containing hydrogen, helium, lithium, beryllium, boron and carbon, 
the moderating efficiency decreasing with increasing mass number. 
Another important boundary condition for the selection of a 
moderater material is the absorptioncross section for thermal 
neutrons, which has to be low enough with respect to the neutron 
economy of the reactor system. 
If we consider the numerical values in Table A.l.I we have to drop 
the elements Li and B as potential moderater substances. On the 
other hand, the hydrogen isotope deuterium (abbreviation D) is in 
a top position. The absorption cross section of natural helium is 
also very low, the only contribution coming from the He-3 content. 
Toassess the nuclear properties of a moderater material quantita-
tively, the following definitions are introduced: 
The energy transition at the collision of a neutron with a 
moderater nuclide is described by the so-called ''average 
logarithmic energy decrement" ~ 
~ = ~n (E /E ) 
v n 
- 5 -
where E , E is the neutron energy before and after the v n · 
collision, respectively. 
The "slowing down power" BM ist dependent on f,; and also on 
the scattering potential ~s of the material 
BM = f,; • ~s 
where the macroscopic scattering cross section ~ = N • cr 
s s 
is the product of microscopic scattering cross section crs and 
atom density N. 
The "moderating ratio" 
BV = i; • ( ~ I~ ) 
s a 
additionally takes into account the reciprocal effect of 
thermal neutron absorption, ~ = N • cr being the macroscopic 
a a 
absorption cross section. Hence, BV is some sort of a quality 
nurober characterizing the practical usability of a moderater 
material. 
The materials in gaseous state, hydrogen and helium, have a quite 
low slowing down power, as it is not feasible to increase too 
much the gas pressure and hence the atom density N. To overcome 
this limitation, hydrogen is only considered in the form of liquid 
or solid chemical compounds, e.g. water, organic compounds, metal 
hydrides. In case of the noble gas helium no such possibil i ty exists. 
The next Table A.l.II demonstrates for real moderater materials 
the properties and quality numbers introduced above. One realizes 
that helium also under high pressure does not present a sufficient 
slowing down power. The quality nurober BV is a misleading charac-
terization in this special case. 
There is some relation and similarity_between the function of a 
moderator and the function of a reflector material. The reflector 
structure in a nuclear reactor has to impede the escape of 
- 6 -
neutrons out of the reactor core, especially the loss of fast 
neutrons. For this purpese scattering processes in the reflector 
are necessary. Therefore, all moderater materials are applicable 
in reflectors. Above that, also good scattering heavy elements 
as e.g. nickel are suitable, because the energy transition at 
the interaction with neutrons is not relevant for the reflecting 
behaviour. 
Table A.l. I: Neutron Absorption of the Light Elements 
Isotopic composition Absorption Cross Beetion 
(NC = natural composition) for Thermal Neutrons 
(%) a (barn) 
a 
99.985 H, o.ol5 D (NC) 0 .• 332 
Hydrogen 100 H 0·332 
100 D 0.00053 
0.000138 He-3 } (NC) 0,.00735+) 99.999862 He-4 
Helium 100 He-3 5327 
100 He-4 'V 0 
Lithium 7.5 Li-6, 92 .• 5 Li-7 (NC) 70.7 
Beryllium 100 Be-9 (NC) 0.0095 
Boron 20.0 B-10, 80.0 B-11 (NC) 759 
Carbon 98.90 C-12, 1.10 C-13(NC) 0 .• 0034 
+)calculated value 
Table A.l.II: Properties of Moderator Materials 
I ~ I L:s L: I BM BV a (crn -1} (crn -1} (crn -1} 
Natural Water 0.925 1.47 0.022 1.36 62 
Biphenyl (Cl2Hl0) 0·812 0.88 0.00862 0.715 83 
Zi;rconiumhydride (ZrH 2 ) o.84 1 .. 75 0.030 1.47 49 
Heavy Water (rv 99,75 % D20) 0.504 0 .. 35 0.000036 0.18 5000 
Helium at 100 bar 0.425 0.0022 0,.00002 0.0009 45 
Beryllium 0.206 0.76 0.0011 0.16 145 
Graphite 0.158 0~38 o.~CXlü36 0.060 165 
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A.2 Natural Water 
Natural water - which in reactor technology is also called "light 
water" - serves as a moderator material in many nuclear power reac-
tors, the so-called "light water reactors (LWR)", and also in a 
variety of test reactors, e.g. in swimming pool reactors. In all 
cases, the water is simultaneously used as the coolant agent. As 
natural water has a qui te low moderating ra.tio, in all LWR enriched 
uranium for fuel is necessary. 
Water as a liquid material with its comparatively low boiling point 
allows only moderate operating temperatures. Further essential cri~ 
tical points at the technical application of this moderater are 
the corrosion attack on vessel and piping material, 
- the radiolytic decomposition caused by reactor radiation. 
Both effects - which appear, of course, in the same manner with 
heavy water - may be reduced substantially by excessive purification 
and proper conditioning of the water, but they cannot be suppressed 
completely. Hence an impurity level of, say, 1 ppm is considered to 
be the maximum tolerable limit. 
The radiolytic decomposition of water results in a quite considerable 
amount of oxyhydrogen gas, the safe disposal of which is managed in 
the course of cover gas control. 
Additional information on natural water is included in the forthco-
ming chapter C.3, where water is treated under the aspects of a cool-
ant material. 
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A.3. Heavy Water 
Heavy water in the pure form is the chemical compound n2o be-
tween the hydrogen isotope deuterium D and natural oxygen. As 
it is very difficult to produce isotopically pure n2o, always 
residuary amounts of light water are retained in industrial type 
heavy water. E:g., socalled heavy water of reactor quality has 
a D2o content of, say, more than 99.7 mol-%. It should be recog-
nized,· that the residual light water in such a mixture of isotopes 
is not present in the form of H2o molecules, but primarily as HDO 
according to the probability of formation. 
Heavy water is in a top position concerning the moderating ratio 
compared to other moderator materials. Already slight impurities 
of H2o diminish the quality substantially. Some of the physical 
and physico-chemical properties of n2o are perceptibly different 
from light water. E:g. the density is higher by about 10 %, this 
fact being the reason for the name of the material. 
The history of heavy water is strongly related to the development 
of nuclear physics and reactor technology. Deuterium was discov-
ered in 1931 in the USA by Urey. In 1933, heavy water was separa-
ted and produced in pure form for the first time. In the follow-
ing years, laboratory scale isolation was established as well as 
the production of kilogram amounts as a byproduct of industrial 
scale water electrolysis. After the discovery of nuclear fission 
in 1939 strong efforts came up for the technical production of 
tons of heavy water. Production plants were developed in Norway 
(Norsk Hydro), in the USA (within the military Manhattan project) 
and also in Canada. In 1952 the first large scale production 
began operation in the Savannah River Plant/USA, the capacity 
being about 500 tons per year. Since that time additional facil-
ities in pilotplant and large scale wereestablishedmainly in 
Canada but also e:g. in India corresponding to the requirements 
of heavy water reactors. 
The price of heavy water at the beginning of the fifties was in 
the region of 250 US-$ per kgdroppingdown to about 65 US-$ 
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per kg by 1960. Presently (1982) the market price is again 
about 250 US-$ per kg. 
There is a widespread natural abundance of deuterium: Every 
natural hydrogen compound contains about 0.015 % deuterium 
in the hydrogen component. Hence, natural water contains about 
150 ppm o2o, i.e. in about 7 m
3 
of water there is 1 liter o2o. 
It exists a slight variety in the o2o content in water specimens 
of different origin, caused by meteorological influences within 
the water circuit in nature. 
The physical and physico-chemical properties of o2o and H2o 
(i.e. natural water) are somewhat different, as it is demon-
strated in Table A.3.I. Distinct and practically significant 
are the differences in density, in fusion and boiling point 
and in the heat of formation. Thus, it becomes understandable, 
that the chemical bonding w{th D is somewhat more stable than 
with H. The chemical reaction velocity of socalled deuterized 
compounds is a little bit smaller. The chemical equilibrium in 
H-D-mixtures is shifted in favour of the D-compound. This fact 
influences also the physiological compatibility in biological 
systems. In our present ''H 2o-world", pure o2o is a foreign 
body. o2o is physiologically incompatible without being a poison 
in the real sense. 
The recovery of heavy water is managed by different enrichment 
processes out of natural water, the. general process scheme 
being outlined in Fig. A.3.1. In such a process the feed mixture 
F is separated into a light fraction L and a heavy fraction S. 
R means the atomic ratio of deuterium to hydrogenium: 
R = F 
The efficiency of a separation process is characterized by the 
separation factor a, which is defined as follows: 
a = 
- 10 -
In. general, the separation factor does not depend on RF, i.e. 
on the isotopic composition of the feed mixture. In Table 
A.3.II, the most important separation processes for deuterium 
enrichment are listed tagether with their separation factors. 
In the course of the electrolysis of water, the n2o is enriched 
in the residmum of the electrolytic cell. The very favorable 
Separation factor on the one hand is to be compared with the 
h~gh consumption of (costly) electrical energy. Hence, this 
process is primarily practicable in the highest steps of an 
enrichment cascade. An economically efficient operation requires 
the reflux of the continuously produced oxyhydrogen gas which 
is depleted in deuterium. The. gas mixture is to be recombined 
to water and led back to the corresponding enrichment level of 
the cascade. 
The destillation of water for n2o enrichment is performed in 
rectifying columns, preferably under reduced pressure. This 
process requires energy in the form of low temperature heat 
only. Therefore, it is economically acceptable in spite of the 
low Separation factor. 
The chemical exchange processes are based on the shift of the 
chemical equilibrium towards the deuterized water, e.g. according 
to the following relationships: 
The first mentioned water/hydrogen process is not used in tech-
nical application due to the fact that the catalyzers necessary 
for fast adjustment of the equilibrium are quite sensitive 
against humidity. The hydrogen sulfide process, however, does 
not require any catalyst. But H2S is not available in unlimited 
amount for cons·umption in the process. Hence, i t has to be re-
cycled. Also in such a regime, a deuterium enrichment is possible 
due to the variation of the separation factor with temperature, 
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Fig. A.3.2. In the socalled hot-cold-regime - see Fig. A.3.3 -, 
the hydrogen sulfide releases deuterium to water within a cold 
counter current column and is reenriched in the following hot 
column due to the somewhat lower separation factor at higher 
temperatures. This H2S-hot-cold-process is used in large scale, 
e~g. in the Savannah River Plant in USA, where it is realized 
for the enrichment up to about 15 % n2o. A significant drawback 
of this process is the strong corrosion attack to structure 
metals and the enormaus toxicity of H2s. 
In the last years, further chemical exchange processes with 
ammonia and methylamine proved to be technically and economically 
feasible. In both cases the deuterium has the tendency to be en-
riched in the organic phase. 
The destillation of liquid hydrogen for deuterium enrichment 
makes use of a favorably high separation factor. It requires, 
however, the technological realization at extreme low tempera-
tures. An operational scheme is sketched in Fig. A.3.4. At the 
enrichment of deuterium, there is to be applied an intermediate 
heating-up-step, because the primary compound HD turns over to 
H2 and D2 only at higher temperatures. 
Gaseaus diffusion and thermodiffusion were never applied in 
technical scale. In the field of thermodiffusion, there were 
substantial research werk in the years areund 1940 (Separation 
pipe of Clusius and Dickel). 
The determination of the n2o content in heavy water is performed 
by mass spectrometry, infrared spectrometry and very subtle den-
sity measurements. 
quires the density 
3 h . cm . Anot er po1nt 
An accuracy of, say, + 0,002 male % n2o re-
-6 
with a maximum error of + 1 x 10 grams per 
of consideration is the shift in the oxygen 
isotopes parallel to the deuterium enrichment in aqueous medium. 
There are also a lot of practical problems at the handling of 
heavy water: 
Heavy water is easily depleted in n2o at any contact with 
the humidity in air. The same effect takes place in vessels, 
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containers and piping due to the molecular H2o layers on 
the metal or glass surfaces. To avoid this problern it is 
necessary to "deuterize" the surfaces by multiple rinsing 
and drying. 
In a neutron flux, there is formed tritium T by the nuclear 
reaction D(n,y)T. Tritium is the superheavy hydrogen isotope 
of mass nurober 3. It is radioactive and emits low energy 
beta radiation, half life about 12 years. Therefore, all 
biological systems are endangered due to their large water 
content and water exchange. In view of this fact, the 
maximum permissible amount of T in air and in water is very 
low. This has to be taken into account at the handling of 
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A.4. Other Hydrogen Compounds 
For the employment of hydrogen containing materials as moderators 
the following viewpoints - in addition to the nuclear properties -
are essential: 
Hydrogen density in the material 
Temperature limits of the physical condition 
Chemical stability in the relevant temperature level 
Stability against irradiation. 
In Table A.4.I some significant data for hydrogen compounds are 
compiled. It is important to realize that in water and organic 
compounds also the relatively light nuclides C and 0 are contrib-
uting to the overall moderative effect, in addition to the hydo-
gen atoms. 
Out of the large number of organic compounds only a few were 
selected mainly considering the irradiation stability. In this 
respect the aromatic compounds are to be prefered, especially 
biphenyl and terphenyl due to the temperature range of liquid 
condition. Solid organic materials like paraffin and polyethylene 
are suitable at quite low temperatures only. They are used 
occasionally in the experiments in neutron physics. 
A solid hydrogen moderater for high temperature is zirconium 
hydride. This material with an appearance similar to metals 
exhibits a rather high density in hydrogen. The hydrogen, however, 
is not bound very strongly in this compound, because there is a 
sensitive equilibrium to the hydrogen partial pressure in the 
gaseaus environment. At 550 °C e.g., zirconium hydride with 
61 at-% hydrogen (equivalent to ZrH1 _6 ) produces a partial pres-
sure in H2 of about 1 mbar. Zirconium hydride as a moderater was 
successfully tested in sodium-cooled prototype reactors up to 
temperatures in the region of 600 °c, e~g. in the Karlsruhe 
compact test device KNK I. The material is fully compatible 
with liquid sodium. The zirconium hydride blocks are canned 
with stainless steel sheets and there is an internal contact 
layer of sodium between hydride block and metal sheet in order 
to enhance thermal conductance. No corrosional interactions were 
observed. 
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All the hydrogen compounds exist, in principle, also with pure 
deuterium. There-were already considerations to employ deuterized 
organic compounds for moderation. Economic calculations, however, 
prohibit definitely the practical application of such compounds 
in power reactor systems. 
Table A.4.I: Hydrogen eompounds as Moderator Materials 
Physical DensijY H-De~ity Tamperature 
Composition Condition (g/cm ) (g/cm ) Limits for 
Practical Use 
Water H2o liquid 1.0 0.11 
below 100 °e 
at 1 bar 
up to 320 °e 
at 150 bar 
Biphenyl (e6H5) 2 liquid l.Ol(90°e) 0.07 71 - 250°e 
at 1 bar 
Terphenyl (e6H5)2e6H4 liquid 0. 93 (315°e) 0.06 up to 35o0 e 
at 1 bar 
Paraffin eJ12nt2' 
solid 0.9 0.14 below so 0 e 
n=l8-35 
Polyethylene (eH2) n solid 0.95 0.14 below 100 °e 
Zirconium ZrH2 solid 5.61 0.12 up to 600 °e Hydride 
- 18 -
A.5. Beryllium as a Moderator Material 
The element beryllium is a metallic material of low density and 
high mechanical strength. It exhibits excellent nuclear properties, 
especially a very low neutron absorption. In addition to that, the 
(y-n)- and (n,2n)-reactions even support the neutron budget of a 
system. The essential properties of Be are composed in Table A.5.I. 
There are, however, some very important technological drawbacks 
in the behaviour of this metal, caused by the anisotropic crystal-
line form. This leads to marked texture formation in the course 
of fabrication. Above that, Be is quite toxic, especially in the 
formoi little airborne partielasthat are unavoidable at machining. 
Furthermore, the metal shows some swelling under neutron irradi-
ation, induced by the fast neutron (n,a)-reaction. The interaction 
with neutron leads to embrittlement, too. 
Beryllium is gained out of the mineral beryl, which is a Be-Al-
silicate, by chemical decomposition and fusion electrolysis. The 
careful purification is performed by vacuum melting. The fabri-
cation of semiproducts is carried out by powder metallurgy mainly, 
because casting leads to coarse grain structure which is unsuit-
able for further processing. A typical composition of nuclear 
grade beryllium is written down in Table A.5.II. 
Beryllium metal is used as a solid moderater in som~ material 
test reactors and also in submarine reactors. A very excellent 
application is featured in the Belgian reactor BR 2, where Be 
serves as a combined moderater and reflector material. The Be 
matrix in this test reactor is perforated by fuel and irradiation 
channels. Due to the material darnage by neutrons, the Be matrix 
bleck must be replaced by a new one from time to time. 
Besides the brittle and corrosion-sensitive Be metal, also 
beryllia (BeO) was taken into consideration. BeO is a ceramic 
material which can be shaped by powder-ceramic methods. Same of 
its properties are demonstrated in Tab~e A.5.III. Quite conspic-
uous is the high thermal conductivity - see Fig. A.5.1 - which 
is higher than with common metals like iron. This is the reason 
for the endurance of BeO against thermal shocks. 
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While Be was promoted as a cladding material for gas cooled 
reactors in the early sixties, since about 1965 the further 
interest and development of Be as a reactor material is reduced 
to some few special applications. 
Table A.S.I: Properties of Beryllium 
Isotopic Composition 100 % Be-9 
Nucl2ar Reactions (y,n), (n, 2n), (n, a) 
Cross Section for Thermal 0.01 
Neutrons (barn) 
a-Be < 1250 oc: hexagonal 
Crystalline Form ß-Be > 1250 oc: cubic body 
centered 
(g/cm3 } 
a-Be 1. 84 at 20 oc 
Density 
1260 °c ß -Be 1. 81 at 
Linear Thermal Expansion II to the hexagonal axis:l5 
of a-Be at 400 oc (10-6/K) 1 to the hexagonal axis:l8 
Fusion Point (OC) 1285 
Thermal Conductivity (W/m K) 125 - 170 
Yield Strength at 20 oc (N/mm2 ) 200 - 600 
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Table A.5.II: eomposition of Nuclear Grade Beryllium Metal 
weight-% 
BeO 0.9 
Al < 0.075 
B < 0.0002 
e < 0.10 
er < 0.01 
Fe < 0.075 
Mg < 0.03 
Mn < 0.012 
Ni < 0.02 
Si < 0.06 
Be > 99.0 
Table A. 5. III: Physical Properties of BeO 
erystalline Form hexagonal 
erystalline Density at 25 °e (g/cm3} 3.025 
Fusion Point (Oe} 2550 
Linear Thermal Expansion (10- 6/K} 
for 25 to 100 °e 5.5 
for 25 to 1000 oe 10.8 
Thermal eonductivity (W/m K} 
at 25 °e 240 
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A.6. Graphite 
One of the crystalline modifications of carbon, the graphite, 
is a material which is used in technology since a long time, e.g. 
for electrodes. The employment of graphite as a moderator material 
was suggested by the availability and especially by the quite low 
neutron absorption of technical graphite material. Already the 
first atomic pile in the world, the CP-1 in Chicago which became 
critical in 1942, was equipped with graphite as a moderator. 
Pure carbon is distinguished by a very low absorption cross 
section for thermal neutrons. In the normally available technical 
graphite, however, there are a lot of high absorbent impurities 
as e.g. boron or rare earths. A boron content of 5 ppm e~g. doubles 
the neutron absorption of pure carbon. This fact initiated the 
development of special types of nuclear. grade graphite, the ab-
sorption cross section of which is limited below a maximum of 
5 millibarns. 
The crystalline lattice of the. graphite is a compilation of plane 
atomic layers and in these layers the carbon atoms are positioned 
within a hexagonal network, see Fig. A.6.1. The distance between 
the layers is substantially larger than the distance between the 
atoms within the layer. This anisotropic structure produces, of 
course, a marked anisotropy in some of the essential properties. 
Thus, in a graphite single crystal the thermal conductivity and 
the electrical conductivity exhibit high values parallel to the 
crystalline layers being in this direction comparable to a metal, 
while perpendicular to the layer planes the material behaves like 
a non-conductor. Vice versa, the thermal expansion parallel to the 
layers is almost zero, because the binding forces between the atoms 
are very strong in this direction. Perpendicular to the layers, 
however, there we have a rather high expansion coefficient. 
This partly extreme anisotropy is substantially mitigated in 
technically formed graphite parts, but it still exists. In Table 
A.6.I a data comparison is shown between single crystal graphite 
and technical semiproducts. One realizes that the source material 
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and the production parameters are of some influence to the final 
material behaviour. Also the mechanical strength of a graphite 
part is correlated to the production routine and shows more or 
less anisotropy. 
Graphite is a high temperature sustaining material. In general, 
the strength is even increasing with temperature. Also temperature 
shocks are sustained in a good manner. The chemical stability in 
air and carbon dioxide up to temperatures around 400 °c is 
excellent. Beginning at about 500 °C an oxide formation takes 
,"-. 
place. In contact to the cooling gas co2 , there is an interaction 
according to the socalled Boudouard equilibrium: 
-+ 
c + co 2 + 2co 
This reaction with co 2 normally becomes noticable above around 
600 °c. Under irradiation in a reactor core, there is already 
a shift towards CO at lower temperatures. 
Considering the origin of the source material for graphite 
production, one distinguishes socalled "artificial graphite 11 
and 11 natural graphite 11 • Naturalgraphite was found in some 
sedimentary deposits, e~g. in Sri Lanka, in U.S.A. and in Siberia. 
The minable material contains about 20 % graphite in the form of 
scale-like crystals up to dimensions of 1 mm. After separation 
and purification this graphite source material is mixed with an 
organic binder and pressed and hardened at 900 °c to pieces. Such 
semiproducts from natural graphite get always high density. The 
mechanical stability, however, is limited. 
The production of artificial graphite ( 11 Acheson-graphite 11 ) in 
most cases uses oil coke as source material. The crystallites 
in this coke have a dimension in the region of 50 ~. The fabri-
cation scheme is drawn in Fig. A.6.2. The oil coke is gained 
by carbonizing heavy oil fractions. A simultaneaus polymerisation 
0 
and destillation at a temperature of about 450 C leads to a 
crude coke containing about 95 % carbon (especially in benzene 
rings), up to 4 % sulfur and up to 2 % ash. The calcining of 
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this crude coke is carried out at about 1300 °e. At this temper-
ature all hydrocarbons disappear and microcrystalline. graphite 
is formed. After this, the material is milled and sieved. The 
powder particles differ more or less from ball shape due to the 
geometrical eccentricity of the single crystal. And these particles 
determine the anisotropic behaviour of the final product. 
For the actual graphitation some coke powders of different grain 
size are mixed tagether at 150 - 200 °e with about 30 % pitch 
binder. This plastic conglomerate is formed to pieces by extrusion. 
In the course of this process, the crystallites get an orientation 
primarily parallel to the direction of extrusion. At forming by 
die-pressing the orientation becomes perpendicular to the direc-
tion of pressing. Afterwards, these. green pieces are hardened by 
slowly up to 1000 °e increasing temperature. The pitch binder is 
polymerized between 300 and 500 °e. At this stage, large amounts 
of gases escape leading to a shrinking of the piece. If the final 
product is expected to. get a density higher than, say, 1.6 g/cm3 , 
a special impregnation after the hardening step is necessary. For 
this purpose the hardened piece is immersed intohotpitch of 
250 °e. 
The final(and real) graphitation is performed within the electric 
furnace according to Acheson. The pile of green pieces is electri-
cally heated up to temperatures between 2600 and 3000 °e within 
three to four days, the electric input being performed by graphite 
electrodes. In this period the. graphite single crystals grow up 
to dimensions around 1000 R supported by a c~talyzing reaction 
with silicium. The effusing gases carry most of the impurities 
away. After that a slow cooling down period of about two weeks 
is followed. A final purification with halogen-containing gases 
leads to nuclear grade graphite, the residual impurities being 
e.g. 0.04 ppm boron and 0.005 ppm rare earths. 
Normal graphite has a low tightness against gases. This can be 
improved markedly by impregnation with hydrocarbons. 
The irradiation of graphite does not induce any ionization 
within the lattice, similar to the behaviour of a metal. Fast 
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neutrons, however, produce dislocations of c-atoms, the socalled 
Frenckel-defects. The dislocated C-atoms are primarily forced 
in between the layer planes, because there is available the 
largest space. In this manner, irradiation enlarges the distance 
between the layers, see Fig. A.6.3. 
The dislocation of c-atoms to interstitial positions is accom-
panied by a storage of energy. This socalled Wigner energy 
initially increases with irradiation dose approaching, however, 
a limit value. This limit is the lower, the higher the irradiation 
temperature is applied. Fig. A.6.4. 
The modifications within the single crystal due to irradiation 
cause macroscopic changes in the technical product. The strength 
of a graphite piece increases continuously accompanied by 
embrittlement. The "Wigner growth" perpendicular to the layer 
planes induces more or less anisotropic dimensional changes 
dependent on the grade of overall anisotropy of the piece. With 
technical graphite one has to take into account longitudinal 
growth up to 3 % perpendicular to the direction of extrusion. 
At higher working temperatures these elongations are reduced, 
some graphite types even shrink above 400 °c. 
As a consequence of the lattice perturbations by neutron irradi-
ation, the electrical and thermal conductivity decreases, because 
the free electrons partly lose their mobility within the lattice. 
The developing of irradiation darnage in graphite is continuously 
counterbalanced by a healing process, because the interstitials 
have a chance to move back into regular positions by further 
neutron knocks. This healing is favoured at higher temperatures, 
for higher thermal energies lower the potential barriers. 
The Wigner energy may be piled up to a high level, especially 
within graphite reactors of low operation temperatures. This 
energy storage is a potential danger, as it may be released by 
a sudden temperature increase due to an oparational transient. 
Therefore, with low temperature graphite reactors a careful 
healing-out procedure is necessary from time to time. 
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In modern graphite reactors, primarily electrographite is used. 
Large graphite configuration in and around the reactor core are 
compiled by single graphite blocks. The overall anisotropic 
dimensional changes can be minimized by a proper mode of compi-
lation according to the anisotropy of the single blocks. To 
avoid the endangerment by stored Wigner energy a priori, the 
graphite temperature should be higher than 250 °e throughout 
the pile. 
Table A.6.I: Properties of Graphite 
Single Semiproduct out of 
erystal Oil eoke Natural Graphite 
Density (g/cm3 ) 2.265 1.75 2.04 
Thermal Expansion between 
20 and 200 °e (10- 6/K) II - 1.5 1-3 3.5 
1 300 2.5-5 24 
Thermal eonductivity II > 350 200 
(W/m•K) 1 80 125 
Electric Resistivity II 0.05 1 1 
-3 ( 10 Ohm•cm) 1 5-10 1.5 5.5 
Pressure Strength 35 20 
(N/mm 2 ) 32 17 
Sublimation Temperature 
(oc) 3650 
Absorption Cross Section 
for Thermal Neutrons 'V 4 
(mbarn) 
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B. NEUTRON ABSORBERS AND SHIELDING MATERIALS 
B.l MATERIALS FOR NEUTRON ABSORPTION 
B,2 CADMIUM, INDIUM AND SILVER 
B,3 BORON AND BORON-CONTAINING MATERIALS 
B,4 HAFNIUM 
B,5 RARE EARTHS 
B,6 SHIELDING MATERIALS 
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B.l. Materials for Neutron Absorption 
Neutron absorbing cornponents are constitutive parts of a reactor 
core, rnainly in the form of regulating or control rods, shirn 
rods and safety rods. A further possibility for the longterrn 
shirnrning of a reactor are homogeneaus poisoning the liquid 
coolant and burnable neutron poisons in the fuel. 
A first criterion for selection of a neutron absorber is the 
absorption cross section, which is extrernely dependent on neutron 
energy. In order to get a first selection we take as a lower 
lirnit an absorption cross section of 60 barns for thermal neu-
trons. Hence, frorn all naturally occurrent elernents there is a 
list rernaining according to Table B.l.I. In addition to the 
thermal cross sections, the last colurnn of this table contains 
the absorption cross sections for 100 keV fast neutrons. Out of 
this list only a few elernents are really applicable for practical 
purposes. This is due to material properties like fusion point, 
chernical stability, availability and workability. Taking into 
account these practical viewpoints, a selection of rnaterials 
according to Table B.l.II is remaining. 
The rnean kinetic energy of thermal neutrons is in equilibriurn to 
the ternperature of the surrounding medium, at 300 °C e.g. 0.05 eV. 
This low energy region is followed by the epithermal (up to·sorne 
eV) and interrnediary range. Many of the nuclides show here rnarked 
absorption peaks at discrete neutron energies, socalled absorption 
resonances. Further on the energy scale, there is the large range 
of fast neutrons, for which an energy of, say, 100 keV, is typical 
and often used for standardization. 
The neutron energy distribution in a thermal reactor is widely 
spread into the epithermal range. Therefore, an absorber material 
is expected to exhibit a wide absorption spectrurn. Additional 
irnportant criteria are the type of the absorbing nuclear reaction 
and the succeeding nuclides. An absorbing reaction of the (n,a)-
type produces finally heliurn, which can initiate darnage and 
swelling within the absorber material, especially at higher 
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burnup. The expression "burnup'' is used similar to the use for 
nuclear fuel, but the numerical figures are the dose of absorbed 
neutrons, expressed in n/cm 2 . 
In case the neutron absorbing reaction in an absorber material 
leads to a further nuclide of high absorption, the absorbing 
efficiency of the material remains more or less stable. Especially 
advantageaus in this respect are nuclides which are followed by 
a chain of absorbing successors. 





















Elements with an Absorption Cross Section crth 
above 60 barns 
Element 0 th 0 100 keV 
(barn) (mbarn) 
Lithium 71 1000 
Boran 759 1600 
Rhodium 150 490 
Silver 64 440 
Cadmium 2450 130 
Indium 194 350 
Samarium 5820 400 
Europium 4400 750 
Gadolinium 49000 400 
Dysprosium 930 300 
Holmium 67 950 
Erbium 160 330 
Thulium 103 650 
Lutetium 108 1000 
Hafnium 105 250 
Rhenium 88 600 
Iridium 440 300 
Gold 99 300 
Mercury 375 100 
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Table B .1. II: Selection of Materials for Neutron Absorption 
Absorber Material Suitable for Application in 
Thermal Reactors Fast Reactors 
Cadmium and Alloys with Cd X 
Boron and Boron Materials X X 
Hafnium X 
Rare Earths X X 
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B.2. Cadmium, Indium, .Si1ver 
Cadmium is a quite soft rneta1, that is often used in 1ayers for 
rust protection. The fusion point is 321 °c. Therefore, this 
rneta1 can be ernp1oyed on1y at 1ow ternperatures. The pure cadrniurn 
rneta1 - which is sirni1ar to zinc - is easy to be worked to 
serniproducts 1ike sheets or pipes. 
The natural Cd contains 8 isotopes of rnasses 106,108,110,111,112, 
113,114, and 116. The relevant isotope for neutron absorption 
is Cd-113 with 12.3 % abundance and a thermal absorption cross 
section of 19910 barns. This cross section decreases rapidly 
above a neutron energy lirnit of 0.3 eV. There are no resonances 
in the epithermal range. The neutron absorptions is carried out 
according to the relation 
113 114 
48cd (n,y) 48cd 
with a subsequent garnrna-ernission. 
While in forrner research reactors of low operation ternperatures 
rnostly pure Cd could be used as a neutron absorber, this is 
impossible with power reactors as because of the high ternperature 
level. In LWR control rods, alloys with silver and indiurn prirna-
rily are taken. Above the stability against high ternperatures, 
such alloys provide a widespread absorption spectrurn, too, due 
to the resonances of Ag and In in the epithermal range, see Fig. 
B.2.1. 
A standardized alloy for LWR app1ication is based on the rnetal 
silver and has a cornposition of 80 % Ag, 15 % In, 5 % Cd. The 
alloy has a fusion point around 800 °C and is chernically stab1e 
in a water environrnent. The protection of the soft material 
against darnage in the reactor is perforrned by a stainless steel 
cladding, e.g. in the control rods of a pressurized water reactor. 
1.0 
Ul 0.8 s:: 
0 
1>-l 
.j.J 0,6 ;:l 
(j) 
lH :z; 0.4 0 
'd 
s:: (j) 




0 ~ 0 p.. ao1 
Fig. B.2.1: 
- 34 -
0.1 1 eV 10 
Energy of Neutrons 
Neutron Absorption at about 5 mrn 
Thickness 
- 35 -
B.3. Boron and Boron-Containing Materials 
The element boron with a fusion point of ca. 2050 °c is very hard 
and brittle and is - in pure form - not suitable for technical 
application. The natural boron is composed of two isotopes, namely 
20 % B-10 and 80 % B-11, the isotope B-10 with a thermal neutron 
absorption cross section of 3836 barns being the decisive one. The 
neutron absorption takes place according to the relationship 
As Li-7 does not absorb significantly, boron in a continuous 
neutron flux is burning out quite rapidly. Therefore, the material 
is better suitable for safety rods than for control or shim rods, 
which - at least partly - are continuously exposed to the neutron 
flux. A further successor with neutron absorption in boron (be-
sides lithium) is helium. Especially, the He induces swelling of 
the absorber material, primarily at higher burnup. To increase 
the efficiency of boron absorbers, sometimes the isotope B-10 is 
enriched, e.g. up to 90 %. 
The absorption cross section of boron decreases with increasing 
neutron energy in a mode which is reciprocal to the neutron 
velocity: Boron is a socalled 1/v-absorber. There are no reso-
nances in the epithermal range. As Fig. B.3.1 demonstrates, the 
absorption for fast neutrons is still considerable. Besides that, 
the light element boron is moderating the fast neutrons quite 
effectively and, hence, can additionally act in this bypass. 
Therefore, boron is a standard absorber in thermal as well as 
in fast reactors. 
The practical application of boron takes place in the form of 
boron carbide (possibly also boron nitride), furthermore as 
boron steel, borosilicate glass and boron-containing compounds 
and cermets: 
Boron carbide of composition B4c has the highest boron 
density, fusion point areund 2450 °c. The material is 
extremely hard and brittle and also very stable against 
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temperature and corrosion. Since a long time, B4c is 
being used as a grinding material. It is very difficult 
to be worked and maschined. It is produced by melting 
in direct durrent. The crushing procedure afterwards 
delivers a sinterable powder or a coarse powder which is 
directly introduced in cermets. In absorber rods B4c is 
contained either in form of sintered solids or as a 
vibrocompacted coarse powder. 
Boron nitride of composition B3N is quite similar to B4c, 
but is not used extensively in reactor technology up to 
now. 
Boron steel is an alloy that contains some few percents 
of boron. The absorption at a given thickness is strongly 
dependent on the total B-10-content as Fig. B.3.2 
demonstrates. 
Borosilicate. glass contains up to 12 % borontrioxide B2o 3 
and is used as absorber in pressurized water reactors. 
The glass pipes are enclosed in stainless steel, the free 
internal volume being available to the (n,a)-induced 
helium. 
Boral is a compound material - a cermet - in which B4c is 
disperged within an aluminum matrix. These B4C-Al-sheets 
or -plates are covered by thin layers of pure Al for 
protection of the internal mechanical mixture. Thus, the 
breaking-out of B4c grains is impeded. 
Boron acid as a solution in the water circuit of a reactor 
is apt for a longterm regulation. The content in H3Bo 3 
may be smoothly controlled via a slow continuous addition 
or removal (by destillation) in order to meet the reactivity 
status of the core. 
A newly developed material for fast reactor application is 
europium boride, see chapter B.S. 
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B.4. Hafnium 
Hafnium is a refractory metal, fusion point ca. 2200 °c. It is 
a by-product with the fabrication of zirconium. The available 
overall amounts are linked to the zirconium consumption and, 
hence, are limited. 
The natural element hafnium, which is composed of 6 isotopes 
with mass numbers between 174 and 180, exhibits a wide absorption 
spectrum with resonances in the epithermal range, see Fig. B.3.2 
in the preceeding chapter. The burnup in hafnium is very slow, 
too, due to efficient successors in the absorbing chain. On these 
grounds, hafnium is very suitable for shim and control rods, as 
their absorber materials is continuously exposed to the neutron 
flux. 
The absorbing chain of the Hf isotopes is figured out in detail 
in Fig. B.4.1. One can realize, e~g., that the natural isotope 
Hf-177 may consecutively absorbe 4 neutrons up to the unstable 
Hf-181 which is quite inefficient in this respect. 
Hafnium shows favourable mechanical and physical properties. The 
properly warkable material is rather similar to zirconium. It is 
chemically stable in air and water. Hafnium can also be used for 
absorber purposes in the form of hafnium oxide. 
!Natural Hafnium !Absorption Chain 
I o.1a % 174 390 b I n, Y ~~>1175 unstable 
15.2 % 176 38 b I n,y ~~>1177 370 b 
+ nty 
118.5 % 177 370 b I nly ~178 86 b 
+ nly I 27.2 % .178 86 b ln,y~l79 45 b 
+ n,y 
113.8 % 179 45 b I n, Y e>jl80 13 b 
+ nly I 35.1 % 180 13 b ln,y~l81 unstable 
I Abundance I Isotope Absorption! lrsotope Absorption! 
Fig. B.4.1: The Absorption Chains in Hafnium 
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B.5. Rare Earths 
The rare earths are silvery metals, their preparation to pure 
form being quite difficult. Most of these very similar elements 
have a high absorption cross section for thermal neutrons. Up 
to now, only europium and gadolinium got some practical signi-
ficance as a neutron absorber. 
Europium consisting of the two isotopes Eu-151 (47.8 %) and 
Eu-153 (52.2 %) has a very wide absorption spectrum. Contrary 
to boron, the (n,y)-absorption in Eu does not produce helium. 
Hence, no swelling of the material can develop. For the neutron 
absorbers in fast reactors it is intended to replace the boron 
absorbers by europium, totally or partly. For practical use, 
ceramic compounds like the oxide Eu 2o3 or even the boride EuB 6 
are envisaged. 
The element gadolinium, in which the isotopes Gd-155 (14.9 %) 
and Gd-157 (15.7 %) are responsible for the extremely high 
absorption cross section, does not produce absorbing successors. 
Therefore, this element is suitable as a burnable poison. The 
newly specified fuel elements for LWR in most cases contain a 
few fuel pins with some percents of Gd 2o3 in the uo 2 . The mixture 
is to be properly adjusted so that during reactor operation the 
added absorption of burnable poison and developing fission 
products remain more or less constant. 
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B.6. Shielding Materials 
The purpose of shielding materials in nuclear installations is 
to substantially reduce the intensity of radiation and - in 
many cases - to minimize the radiation to a very low level that 
is acceptable for biologic systems. From the different types of 
radioactive radiation only the penetrating species, i.e. the 
neutron- and gamma-radiation, are to be considered. The alpha-
and beta-radiation (that e~g. in a reactor core exist simulta-
neously with neutrons and gamma's) are of short reach and are 
already totally absorbed by small layers of material. 
The shielding of a reactor has to meet neutrons of different 
energy, e.g. thermal and fast neutrons, and gamma-radiation. In 
nuclear installations of the external fuel cycle (as e~g. re-
processing plant, hot cell, storage for used fuel) only gamma-
radiation is existent. 
The shielding design is functionally directed to the following 
items: 
The shielding of fast neutrons by direct absorption has a 
very low efficiency. The main shielding process is moderating 
by light elements followed by thermal absorption. 
The shielding of thermal and epithermal neutrons is performed 
by direct (n,a)- or (n,y)-absorption. 
The shielding of gamma-radiation is effected by a high 
material density and, hence, by a corresponding wall thickness. 
The density of the material and the wall thickness are more 
or less reciprocal. 
It is seen that different shielding materials act with selective 
efficiency. For a combined radiation, e.g. neutrons and gamma's 
out of a reactor core, material combinations are necessary for 
shielding. The design of a reactor shield distinguishes princi-
pally two sections of matter: 
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The internal section, directly surrounding the core, is the 
"thermal shield", which reduces the radiation by a factor of 
about 100. Thus, in this thermal shield practically all the 
shielding heat due to the absorption processes is produced. 
In the external "biological shield" the radiation has to be 
diminished by some additional orders of magnitude to a bio-
logically acceptable level (e~g. to a portion of lO-B of the 
original radiation) . 
The practical requirements for shielding material, at first, aim 
for the shielding properties and, above this, for thermal conduct-
ance properties and finally for stability, endurance and fabri-
cability. In Table B.6.I some practicable shielding materials 
are listed tagether with a qualitative assay of their efficiency. 
The different materials are shortly characterized with respect to 
their application as follows: 
Steels (low alloyed and high alloyed) are the typical materials 
for the internal neutron and gamma shield of a reactor. 
Cadmium is - due to its low fusion point - suitable only for 
special purposes. 
Borated steel and Boral are high efficient neutron absorbers in 
the thermal shield, because they guarantee also a good thermal 
conductivity. 
Lead is very effective as a gamma absorber. This metal, however, 
is mechanically unstable and can be used at low temperatures 
only. In any case, a good heat transition out of the shield is 
necessary. Very pure lead con serve as a "neutron window" in 
experimental devices, because only the neutrons can pass. 
Leaded glass with lead content up to 30 w/o is suitable for 
gamma shielding in hot cell windows. 
Concrete is the typical material in the biological shield. It 
is hardly stable against heat. Concrete exhibits a combined 
efficiency against gamma radiation as well as against 
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neutrons due to the high materials density (compared to costs) 
and due to the relatively high content of crystal water. 
Extremely advantageaus is the fact, that a concrete shielding 
can be fabricated on the construction site of the nuclear 
installation. Besides the normal concrete with a density of 
about 2.3, also special mixtures with additions of boron or 
socalled heavy concrete with additions of iron or barium 
minerals (magnetite, baryte) are employed. 
Water is an universal shielding material, too. In the LWR it 
forms the internal layer of the thermal shield. It is transpar-
ent also at a large thickness. Thus, in a storage pool for 
used fuel elements simple and safe manipulation is possible. 
Sometimes, also in hot cells liquid windows (water with addi-
tions of heavy salts) are used. 
Table B.6.I: Materials for Shielding 
Efficient against 
Shielding Material Thermal Fast Gamma-
Neutrons Neutrons Radiation 
Steels X X 
Cadmium X 
Boral X X 
Lead X 
Concrete X X X 
Water X X X 
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C. REACTOR COOLANTS AND PROTECTIVE GASES 
c.l COOLANT MATERIALS, REQUIREMENTS AND SURVEY 
c.2 GASEOUS COOLANTS 
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C.l. Coolant Materials, Requirements and Survey 
In the course of the operation of a power reactor the produced 
energy in the form of heat has to be removed out of the reactor 
core by a cooling medium. The heat release per unit volume in a 
nuclear reactor core is essentially higher than in a fossile 
plant, see the comparison in Table C.l.I. On these grounds, the 
cooling of nuclear reactors is a unique problern with respect to 
the design of the cooling circuits as well as with respect to 
the selection of coolant materials and the operation conditions. 
The requirements for a cooling medium are based on conventional 
considerations according to the following items: 
Good heat transport properties, mainly thermal conductivity 
and specific heat per unit volume, 
Large temperature range, i.e. low fusion point and high 
boiling point, 
Thermal stability, 
No corrosion attack, 
Low energy consumption for circulation. 
Additional requirements due to the conditions in a reactor core 
are: 
Low neutron absorption, 
Irradiation stability, 
No activation to radioisotopes (or at least only to isotopes 
with short half lives), 
Low mass nurober elements for moderation (in case of thermal 
reactors) 
or 
No or at least small moderation efficiency (in case of fast 
reactors). 
For the practical application in the nuclear technology, three 
groups of coolants are to be distinguished, namely 
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gaseous coolants, 
water and organic coolants, 
liquid metals. 
Some years ago, there were also proposals, investigations and 
even experiments with other fluids like molten salts, e~g. Na-, 
K- and Be-fluorides. These salts have a fusion temperature in 
the region above 400 °c. A successful consequence in the sense 
of a real application in a reactor line, however, could not be 
drawn, mainly because of the extreme corrosion attack of these 
coolants on the structural material of the coolant circuit. 
All the gaseous coolant materials are suitable as protective 
gases in hollow volumes, in-pile and out-of-pile. E.g., above 
the water surface of a o2o moderated reactor, there is helium 
as a cover gas. The protective cover gas in sodium-cooled 
reactors may be argon. For the inertization of areas with 
sodium-filled equipment and piping often nitrogen is used. 
. . . 
Table C.l.I: Heat Release in Power Stations 
Heat Release in 
kW per Liter Core Volume 
Fossile Power Station 'V 1 
Thermal Reactors with Gas-Cooling 1 - 5 
with Water-Cooling 30 - 90 
Fast Reactors with Na-Cooling 'V 500 
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C.2. Gaseous Coolants 
An irnportant advantage of gaseous coolants is the fact, that 
there principally exists no lirnitation in the ternperature range 
due to a phase transforrnation. The necessary purnping power in 
the circuit, however, is by far higher cornpared to a liquid, 
about by a factor of 10. 
Sorne essential properties of gases (for cooling or for protective 
purposes) are cornpiled in Table C.2.I. Quite irnportant is a 
high density and a high specific heat. Above that, a cooling gas 
should be chernically inert and resistant against irradiation. 
Mainly due to lack of irradiation stability,gaseous cornpounds 
with higher rnolecular weight cannot be ernployed. 
In the first period of reactor technology, also air was used as 
a reactor coolant, rnainly in reactors for rnilitary purposes. 
Besides the oxygen corrosion, the activation of argon to Ar-41 
and the transforrnation of nitrogen to C-14 is very disadvan-
tageous. 
Nitrogen is suitable rnainly as a protective gas, e~g. for iner-
tization of ernpty volurnes. It is not used within the reactor 
core. Nitrogen has a quite high neutron absorption which leads 
via a (n,p)-reaction to C-14, the last being biologically dan-
gerous. There exists also the possibility that in-pile the very 
corrosive acid HN0 3 is synthetized. 
Carbon dioxide has a high density and, hence, good thermal 
properties. The coolant gas - which is ernployed in the British 
Calder-Hall-type reactors - is stable up to about 600 °C, also 
under irradition. Above this ternperature level, an increasingly 
perceptible transforrnation takes place, according to the rela-
tionship 
c + co 2 ~ 2 co. 
Above about 800 °C the co-content is rnore than 10 %. 
Dry Stearn is the gaseous coolant in a conceptual reactor line 
which was developed on the basis of boiling water reactors. Dry 
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steam has very attractive cooling properties. A specific problern 
is the corrosive attack to stainless steels, which can only be 
controlled by a high nickel content in the structural material. 
In competition to the already introduced normal light water 
reactors, the dry steam reactor line was commercially not 
successful up to now. 
Helium as a chemically and nuclearly inert medium is the given 
coolant for a high temperature reactor. An essential drawback 
are the high costs. Therefore, some special effort with respect 
to the tightness of the cooling circuit is necessary. Natural 
helium contains traces of He-3 which is transformed to tritium 
in neutron flux. This fact is to be considered in Controlling 
leakages out of the circuit. At very high operation temperatures 
also some corrosive reactions may develop, which are caused by 
the very small, but unaviodable hydrogen and oxygen impurities 
in the helium. 
Argon as a noble gas is also completely inert. The quite high 
neutron absorption and the transformation to Ar-41 favours the 
use as a protective gas only, e.g. in hot cells and in glove 
boxes for plutonium handling. 
Table C.2.I: Gaseaus Coolants 
Properties at 400 °C/l00 bar 
N2 co 2 Dry Steam He Ar 
Density (kgjm3 ) 49 80 38 8 77 
Specific Heat (l0 3Jjkg K) 1.13 l. 21 3.10 5.20 0.52 
Density x Spec.Heat ( 103-J /m3K) 55 97 118 42 40 
Thermal Conductivity (W/m K) 4 3 7 28 3 
Neutron Absorption ~th 
(lo- 3 -1 3.88 0,004 0.84 0.008 0. 79 cm ) 
- 48 -
C.3. Water as a Coolant Material 
The quite low boiling temperature of water under atmospheric 
pressure does not allow an economic operation of a steam turbine. 
Therefore, all power stations with water as a working medium 
utilize high pressure circuits. There are different types of 
water-cooled nuclear reactors. The extensively commercialized 
light water reactors (LWR) are built in two versions, namely the 
boiling water reactor (BWR) and the pressurized water reactor 
(PWR). With heavy water as coolant several versions of power 
reactors with pressure tubes,so~called pressure tube reactors, 
are in operation. 
Water as a coolant material simultaneously acts as a moderator. 
It has good thermal properties, especially a uniquely high heat 
capacity. With respect to water corrosion, there are adequate 
materials available, the zirconium alloys and a variety of 
stainless steels. There is the problern of decomposition and 
irradiation, which was mention already in chapter A.2. 
Typical cooling conditions are established .for BWR and PWR as 
demonstrated in Table C.3.I. 
Table C.3.I: Cooling Conditions in Light Water Reactors 
LWR-Type Pressure (bar) Boiling (OC) 
Working 
(oc) Temperature Temperature 
BWR 70 286 265 - 286 
PWR 158 346 291 - 326 
Critica1 
Point of 214.3 374.1 
Water 
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C.4. Organic Liquids 
The idea to use a special organic liquid as a reactor coolant 
stems from the fact that 
the boiling temperature is much higher than with water and, 
hence, no pressurization in the circuit is necessary, 
organic compounds are not (or less) corrosive against the 
structural material. 
Organic compounds normally are not very stable at higher tempera-
tures. Above 100 °C most of them decompose. Some aromatic hydro-
carbons with benzene rings either in the main chain or in side 
chains show an exceptional behaviour. Within the group of such 
aromatic compounds the polyphenyls exhibit quite high boiling 
temperatures. Therefore, in conceptional designs and organic 
cooling experiments mostly biphenyl and terphenyl are employed. 
In these compounds in pure form, the high boiling point is always 
accompanied by aaccordingly high fusion temperature. In order to 
get liquidization already at room temperature, special mixtures 
are selected, e.g. an eutectic mixture of biphenyl and biphenyl 
ether, called (with a us commercial name) Dowtherm A. The compo-
sition of Dowtherm A is 
26.5 % Biphenyl C6H5 . C6H5 
73.5 % Biphenyl ether C6H5 . 0 . C6H5. 
In Table C.4.I the relevant properties of Dowtherm A are listed 
in comparison to water. The specific heatas a typical coolant 
property is lower than with water, but the thermal conductivity 
is higher. Also the viscosity is higher, which influences un-
favourably the pumping power. 
The main and almest not solvable problern with organic coolants 
in reactor technology is the low radiation stability. Under 
irradiation, there continuously takes place a substantial de-
composition and recomposition of organic matter leading to low 
molecular compounds (like H2 and CH 4) as well as to high poly-
merized resins. On these grounds, a very effective purification 
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of the coolant during operation of the circuit is imperative. 
A special difficulty to be overcome is the blockage of heat 
transition areas by deposits of resins, the socalled "fouling". 
Table e.4.I: eoolant Properties of an Organic Liquid eompared 
to Water 
Fusion Temperature (0 e) 
Boiling Temperature (0 e) 
Vapor Pressure at 240 °e (bar) 
Density at 25 °e (lo3 kg/m3 ) 
Specific Heat at 25°e(lo3 Jjkg K) 
Density x Spec. Heat (lo6 Jjm 3 K) 
Thermal eonductivity at 25 °e 
(W/m K) 
Viscosity at 25 °e (lo-3 N s;m2) 






















C.5. Liquid Metals 
Liquid metals are excellent heat transport media. They are 
thermally stable and completely insensitive to radiation, 
because the sensitive structure of the metallic crystal is 
not existent any more in the liquid state. Some problems arise 
with respect to the chemical affinity to air and water, which 
may induce violent chemical reactions. Liquid metals mostly 
are corrosive to structural metals, too. 
The selection of suitable liquid metals or alloys is carried 
out considering primarily the fusion temperature and the neutron 
absorption. Both quantities should be low. There are a lot of 
elementary metals with fusion points up to about 300 °C. In 
addition to that, there are an immense amount of alloys, 
especially eutectic or near-eutectic alloys of two and more 
components with low fusion temperatures. Out of these alloys 
only a few can pass the selection criteria, because most of 
them contain the neutron absorber cadmium or another absorbing 
component. The practical consequence is that only Na-K-alloys 
and perhaps Bi-Pb-alloys are in further discussion. 
Table C.5.I represents this selection of pure metals and binary 
alloys tagether with some relevant properties. An essential 
criterion is the activation potential in the neutron flux and 
the subsequent decay gamma radiation. The activation of bismuth 
to Bi-210 leads - via a beta decay - to Bi-210, an extensively 
alpha-active isotope. 
The finally decisive criterion for the applicability of a low 
melting metal for cooling purposes is the question, whether or 
not there is available a resistant structural material for 
cooling components and piping. In most cases, at operation 
temperatures above about 400 °c - which is typical for liquid 
metal cooling - no commercial material is stable enough. The 
corrosion attack, especially the mutual solubility of the 
metals, limits drastically the life endurance of technical 
components. 
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Only for the alkaline metals sodium and potassium, there are 
suitable structural metals available, if special boundary 
conditions are met: The austenitic stainless steels and some 
nickel alloys resist corrosion up to temperatures above 600 °e, 
if the sodium impurities (mainly 0, N, H, and e) are held within 
the ppm-range. I 
For practical application in a reactor cooling circuit only pure 
Na or a Na-K-alloy is being utilized. As the fusion diagram in 
Figure e.5.1 demonstrates, the fusion point decreases substan-
tially with increasing K-content. The lowest fusion temperature, 
namely -12.3 °e, is reached at the eutectic alloy which is 
composed by 22.8 % Na and 77.2 % K. Besides the eutectic and 
the near-eutectic alloys, also alloys with higher Na-content 
are used, namely NaK-44 with 44 % K only and NaK-56 with 56 % K. 
In Table e.5.II the properties of some NaK-alloys compared to 
the pure metals are given. 
Sodium and potassium are very reactive elements, K being even 
still more reactive than Na, according to its position in the 
electrochemical order. Also the NaK alloys are somewhat more 
reactive. For a survey, however, it is sufficient to consider 
Na to some more extent. 
Na is spontaneously inflammable in air already at moderate 
temperatures (50 to 100 °e). At contact to water there is an 
abrupt chemical reaction. As protectives inert gases (He, Ar, 
and evtl. N2) are to be used. Liquid sodium burns in any case 
at contact to open air. The reactive tendency is lower with 
different alcohols which are used for cleaning purposes. 
Na forms alloys with many metallic elements, but not with Fe, 
er, and Ni. Iron, however, is soluble in liquid sodium, partic-
ularly if there are impurities present like Na 2o or NaOH. Liquid 
sodium may also penetrate into structural material to form solid 
solutions. This may lead to weld-type Connections of structural 
components that are in mechanical contact. 
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Concerning the corrosion of materials in liquid sodium, different 
types of attack are to be distinguished. Contrary to water corro-
sion, in liquid metals no electrochemical corrosion effects take 
place. It is the dissolving attack that induces the unavoidable 
normal abrasion of surface material on the one hand, on the other 
hand an increased abrasion if o, N, H or c are present in the 
sodium. At the grain boundary corrosion the grain boundaries are 
dissolved selectively, hence weakening the mechanical properties 
of a structural part. Large difficulties may arise by the socalled 
mass transport which is based on the temperature dependent solu-
bility of metallic elements in the sodium. This effect may also 
be triggered by a gradient in concentration, if e.g. an impurity 
in the liquid metal or a component in the circuit continuously 
traps the dissolved element. Finally, the corrosive erosion is a 
combined mechanical-chemical attack in which the chemical reactions 
are mechanically supported (e.g. by a too high flow velocity of the 
Na) . 
The corrosion in a stainless steel circuit and the mass transport 
from hot to cold parts remain within tolerable limits, if the 
oxygen content (or better the socalled oxygen equivalent formed 
by 0, N, H, and C) is not higher than about 50 ppm. With refrac-
tory metals in the circuit, as e.g. vanadium base alloys, the 
oxygen content must be limited to 10 ppm. These extreme require-
ments in purity can be met only by a continuously working purifi-
cation, e.g. in a bypass. In socalled "cold traps", where impuri-
ties like Na 2o are precipitated due to reduced solubility, an 
impurity level significantly below 100 ppm may be reached. For 
a level below 10 ppm additional "hot traps 11 with highly efficient 
getters are necessary. 
There is already a lot of experience available with liquid metal 
circuits and their components. For low power loops, electromag-
netic pumps (working without movable parts) were developed. 
Large circuits, however, use specially designed mechanical 
pumps. Special effort and care is necessary for the design of 
heat exchangers that arrange the energy transfer from liquid 
metal to wa ter. 
Table e.5.I: Liquid Metals for eooling 
Fusion Properties at 600 °e 
Temp. Thermal lspezific Density p Conduct. Heat 
ee) (W/m K) (l03kg/m3) (l03J/kg K) 
Mercury Hg -38,9 13 13.12+) 0.13 
Gallium Ga 29.9 - 38 5.72 0.34 
Potassium K 63.7 35 0. 70 0.75 
Sodium Na 97.8 63 0.81 1.25 
Tin Sn 232 33 6.71 0.29 
Bismuth Bi 271 16 9.66 0.16 
Thallium Tl 303 21 10.9 0.15 
Lead Pb 327 15 10.27 0.16 
== = =- = = = = = = = = = = = = = = = = = = ======= ======= 
Na-K-Alloy 
with 22.8 % Na, -12.3 26 0.73 0.88 
77.2% K 
Bi-Pb-Alloy with 125 13++) 10.19++) 0.15++) 44.5 % Bi, 55.5 % Pb 
- -
+) at. 200 °e, ++) at 400 °e 
Neutron 
p. c Absorption p 
(l06J;m3K) (J"th (barn) 













to Half Emission 
Life 
a ls Ir 
Hg-203 46.4d X X 
Ga-72 14.3h X X 
K-42 12.4h X X 
Na-24 15.0h X X 
Sn-121 27.0h X 
Sn-123 129.2d X 
I Sn-125 9.6d X X 
Sb-125 2.8a X X 
Bi-210 5.0d X X 
Po-210 138.4d X 
Tl-204 3.8a X 
Pb-209 3.3h X 
======== = =::: -. 
( according to 
Na and K) X X 
(according to 




Leakages in sodium components and pipes cannot be completely 
excluded. Adequate provisions against sodium fires are necessary. 
Table e.5.II: Properties of Na, K and NaK-Alloys 
Potassium eontent 
Fusion Temperature (Oe) 
Volume Increase at Fusion (%) 
Boiling Point (Oe) 
Density at 20°e 3 (g/cm ) 
at 600°e (g/cm3 ) 
Spezific Beat (l03J/kg K) 
Thermal eonductivity 
at 600 °e (W/m K) 
Viscosity at 600 oe 
(l0- 3N s/m2 ) 




Na NaK-44 NaK-56 NaK-78 K 
0 44 56 78 100 
97.8 18 6 -11 63.7 
2.6 2.5 2.5 2.5 2.4 
881 825 812 784 758 
0.97 0.91 o. 88 0.87 o. 86 
0.81 0. 77 0.75 o. 73 o. 70 
1.25 1.05 0.96 0.88 o. 75 
63 28 28 26 35 
0.21 0.18 0.18 0.15 0.14 
l.l 3.2 3.7 4.6 5.5 
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D.l. Demand for Fuel and Enrichment Services 
All commercial nuclear power plants in the world presently are 
equipped with one out of three types of thermal reactors, namely 
with 
a gas-cooled graphite reactor (GGR) or 
a heavy water reactor (HWR) or 
a light water reactor (LWR) . 
The fuel for these reactor types is either natural or slightly 
enriched uranium. 
Above that, there are many research and material test reactors 
that use highly enriched uranium. The utilization of thorium is 
restricted to high temperature reactors which are in a conceptual 
status in a few countries. Plutonium is required for fast breeder 
reactors, some such prototype reactors and power stations are 
already in operation or construction. Investigations and test 
irradiations for· recycling plutonium into LWR are also in progress. 
We concentrate here our deliberations to the demand of the cornrner-
cial nuclear reactors. We have to distinguish between the primary 
demand of a reactor and the reload demand. This refers to the 
natural uranium source material and to the enriched uranium as 
well as to the enrichment services. The quantity for the enrich-
ment is the "separative work unit SWU" (explained further in 
chapter D. 4 . ) . 
In Table D.l.I a compilation of rough demand figures for power 
reactors is demonstrated. For a worldwide installed Capacity at 
the year 2000 of - say - 1000 GWe, a yearly reload amount of 
about 150 000 tonnes of natural uranium is required. If this 
capacity is realized mainly by LWR the yearly reload requires 
more than 100 000 units of separative work. These figures do 
not include the first core equipment of the new reactors. 
Assuming that by the end of the century fast breeder reactors 
will comrnercially penetrate the market, the consumption in 
natural uranium and separative work would stagnate with a further 
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tendency to fall, because the huge amounts of depleted uranium 
in the stockpiles of enrichment facilities could supply the needs 
for centuries. 
Table D.l I: Fuel Demand for Power Reactors 
1000 MWe Installed Capacity 
GGR AGR HWR PWR 
First Core ( t) 1000 600 150 425 
Natural U Reload (t/a) 270 150 130 130 
Enrichment (%U-235) - 1,7 - 3 
Enriched U First Core ( t) - 200 - 80 
Reload (t/a) - 50 - 25 
Separative First Core ( t SWU) - 325 - 350 
Work Reload ( t SWU/a) ~ 80 - 110 
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D.2. Natural Occurrence of Uranium and Thorium 
In the nature only long-living isotopes of Th and U occur. In 
nuclear technology, there is exclusively promoted the utilization 
of natural uranium, because this element contains about 0.7 % of 
the fissionable isotope U-235. More than 99 % in the element is 
U-238, which can serve as a breeding material only like the 
natural Th. Also some minor traces of U-234 exist. The isotopic 
distribution of U is equal in all deposits (with one exception), 
namely: 
0.72 atom-% U-235 and 
99.28 atom-% U-238. 
The exception mentioned refers to a deposit in the African State 
Gabun, which was explored some years ago. The U-235 content in 
this deposit is markedly lower. The explanation may be, that in 
prehistorical time a naturally established nuclear chain reaction 
moderated by water took place forming a natural light water reactor. 
Uranium is not a very rare element on earth. The earth's crust 
on average contains about 2.7 ppm u, which is more than for Ag, 
Hg or Cd. The main disadvantage in this connection is that there 
do not exist depoßits with high U concentrations. A concentration 
of - say - 1 % U is already to be considered a rich ore. 
There are to be distinguished primary and secondary deposits. 
Primary deposits include granite formations as well as ores with U 
as an accompanying element to basic metals. Secondary deposits are 
developed by surface weathering of primary deposed U followed by 
transportation in mechanical or dissolved form and final redepo-
sition. In the secondary deposits U containing conglomerates, 
sandstone sediments, phosphate minerals or blackshale sediments 
may be found. Also fossile fuels like coal contain low amounts 
of u. Finally, very large amounts of U are dissolved in sea water, 
the concentration, however, being very low. 
A compilation of the different types of deposits and the presently 
known resources in the western world is demonstrated in Table D.2.I. 
The main supply countries presently are USA, Canada, South Africa 
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and Australia. The mostly low grade ores in Europe (below 0.01 % 
U) are not worthwile to b~ mined under present conditions. Same 
higher grade deposits were found in France and in CSSR, the 
Bohemian pitschblende with its high U content became well known 
at the turn of the century when the phenomena of radioactivity 
were investigated. In South America as well as in other not 
thouroughly explored continents there are supposed to be large 
further resources. 
The assured and estimated U reserves in the western world are 
presently calculated to be about 4 million tonnes. The recovery 
of these reserves is mainly a market and financial problem. While 
the U prices in the l960'ties were in the range of 13 to 18 US-$ 
per kg of u3o8 raw material (yellow cake u3o8 with about 70% U), 
the prices climbed up to about 100 US-$ per kg at 1977 followed 
by a reduction tendency to about 60 US-$ per kg (1982). At high 
U prices also the recovery out of low grade ores may become 
economical, in the future even out of sea water. 
In all parts of the world, extensive prospecting and explorating 
activities are underway. Uranium deposits are identified at first 
by an increased level of gamma radiation induced by the isotopes 
of the U decay chain. The wide range prospection uses e.g. low 
flying planes that investigate large pieces of land by gamma 
monitoring. A roughly localized deposit is, of course, to be 
explored further for U concentration and total U amount by test 
drilling etc. There is to be distinguished between assured and 
estimated resources. Only the assured deposits are apt for a 
reliable calculation of the future U price. The time interval 
between prospection and practical utilization is about 8 years 
due to the langleadtime forexploration and mining. 
As U is chemically very active, this element exists only in the 
form of chemical compounds, mostly as oxide of the general formula 
Uxoy. The following minerals are well known since a lang time: 
Pitchblende consists of the oxides uo 2 , u3o8 in varying 
stoichiometric relation, 





Autonite is a mineral with Ca und P of composition 
Ca0·2 U0 3 ·P 2o 5 ·x H20. 
The breeding material thorium is more frequent in the earth's 
crust than U, average 12 ppm. Up to now it was prospected not 
very much. The main resource presently is the mineral monazite, 
which mainly is composed by phosphates of rare earths and a minor 
percentage of Th. Monazite sands are available primarily in Brazil, 
India,Sri Lanka and USA. There exist also silicates with 50 to 70% 
Tho 2 , being named thorite and orangite. This minerals,however, are 
very rare. 
Table Uranium Resources and Deposits 
Deposit U-Content Total 
Type Kind Resources in ( % ) Armunt ( t u ) 
Primary Granite Solid Earth's Crust lo-
4 to lo-3 '\, 1012 
Deposit Accompanying South Africa, Namibia, 0.01 to 'Vl '\, lo6 
Element in Ores USA, Canada, France 
.Conglomerates South Africa, Canada, up to 0.1 '\, 106 
Secondar:y Brazil, Australia 
Deposit Sandstone 
'\, 106 USA, Australia 0.1 to 0.2 
Sediments 
Black Shale 
106 Sweden, USA 0.01 to 0.05 '\, Sediments 
Solution in Water Sea Water 3 . lo-7 4·109 
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D.3. Recovery of Uranium 
The uranium ore is gained mostly in surface mining. The first 
steps in ore processing are carried out directly at the mining 
site or nearby. It would be economically unbearable, to ship the 
ore (with a waste content of more than 99 %) over long distances. 
It is by far more advantageaus to transport all chemieals (like 
acids or bases) necessary for the disintegration of the ore into 
the often quite remote places of an uranium mine. 
The first goal of ore processing is extracting uranium concen-
trates, see Figure D.3.1. For this purpose, mechanical selection 
processes like e~g. flotation of crushed ore material are applied 
followed by solvent extraction with acids or bases. From these 
solutions the U concentrates are precipitated. These powdered 
concentrates contain 70 to 75 % U as uranate compounds. Due to 
their colour they are called "yellow cake" being the commercial 
product in the world uranium market. 
At the nuclear fuel factory the yellow cake is converted to 
nuclear grade U in technologically applicable form, i.e. 
sinter~ble uo2 powde~ 
uranium ~et~l as regulus ~r 
uranium hexafluoride for the isotope separation. 
There are different processes applied for the disintegration. 
In most cases the concentrate is dissolved in nitric acid 
followed by a liquid-liquid-extraction with tributylphosphate. 
The uranylnitrate remains in aqueous solution, while the impu-
rities are separated in the organic phase. The so-called "ADU"-
precipitation followed by thermal disintegration and reduction 
leads finally to sinterable uo2-powder. 
In order to gain U-metal out of uo 2 an intermediate step, i.e. 
the synthesis of UF 4 by treating the uo 2 with HF, is indispen-
sable. This U-tetrafluoride subsequently may be reduced to pure 
U-metal by Ca or Mg. This "calciothermic" reaction is highly 
exothermic. Therefore, the reaction vessels are to be cooled 
properly. 
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The uranium hexafluoride UF6 may be synthesized by an additional 
treatment with pure fluorine. All the chemical agents (NH 3 , HF, 
Ca) taking part in the different steps of processing must be 
nuclear grade to maintain the level of chemical purity. This 
expression ''nuclear. grade" is not defined exactly. It means 
mainly that the neutron absorbing impurities (e~g. B, Cd, Rare 
Earths) must be held within a very low level - say - below 1 ppm 
boron equivalent. This ''boron equivalent" of a neutron absorbing 
nuclide is equal to a boron content of equal neutron absorption. 
The residual impurities in u or uo2 as a source material for fuel 
elements are strongly specified, e~g. to a maximum of - say -
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Fig. D.3.1: Process Scheme for the Production of Nuclear 
Grade Uranium 
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D.4. Uranium Enrichment 
The mixture of U-isotopes in nature with a content of about 
0.7% U-235 is sufficient for fuel only in graphite- and n2o-
moderated thermal reactors. In LWR an isotopic enrichment up 
to 2 - 4 % U-235 is necessary. For fuel elements in research 
and material test reactors an U-235-content up to even 90 % may 
be required. 
The enriched U is produced out of natural U by isotope separation. 
The technically applicable physical separation processes require 
a gaseous U-compound. The heavy element U forms such gaseous 
compounds with halogens below 100 °c. Especially the fluorine 
compound UF 6 (sublimation temperature 56.5 °C) is preferred, as 
the natural F consists of 100 % F-19 thus avoiding multiple mass 
compounds with U. 
Three different separation processes are presently applied in 
large scale or are in advanced technological development, namely 
the gaseous diffusion process, 
the gas ~entrifuge, 
the Separation nozzle. 
In the single separation modules of a gaseous diffusion cascade, 
the UF 6 is pressed through a diffusion barrier made from sintered 
metal with very small pores. The diffusion rate for the light 
gaseous component with U-235 is larger compared to the heavier 
component with U-238. Hence, the exit (low pressure side) of a 
diffusion module exhibits a somewhat higher content of the light 
U-isotope. 
The separation effect in a gas centrifuge is based on the mass 
difference in the centrifugal field. The primary result is an 
enrichment of the heavy component on the cylindrical wall of the 
vessel rotating with high speed. At the technical implementation 
of this processa.longitudinal temperature gradient is superimposed 
the cylindrical wall. In this way, a gas flux near the internal 
wall surface in upward direction is induced complemented by a 
downward flux in the center of the rotating vessel. Thus, in the 
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lower part an enrichment of the light component is being built 
up and, in the upper part of the vessel volume, an enrichment 
of the heavy component. 
The separation nozzle process also uses the separation by cen-
trifugal forces: A high speed. gas flux consisting of hydrogen 
or helium with some percents of UF 6 is forced into a circle 
course. A "cutter" separates the light and heavy fractions. 
Fig. D.4.1 demonstrates schematically the basic features of 
these 3 Separation processes~ Essential points of view - espe-
cially also with respect to economics - are the separation 
effect of a single module, the necessary nurober of stages for 
the required enrichment, the investment costs and the energy 
consumption, see Table D.4.I. 
The objectives of new separation methods are to lower the 
investment costs and the energy consumption. A very low energy 
consumption is reached with the gas centrifuge. Furthermore, 
it is possible to operate a gas centrifuge plant in relatively 
small units in an economic manner and to enlarge it on short 
term demand. On the contrary, a diffusion plant is economically 
feasible only in very large units. The separation nozzle seems 
to be in between, a major technical advantage being the fact 
that a separation unit which comprises many single nozzles does 
not include any moving part. 
An isotope separation device consists of an enrichment section 
(the rectifier) and a depletion section (the stripper). In the 
interconnection between both the feed material - e.g. UF 6 with 
natural u - is introduced. The stripper in the device is 
necessary for an economic yield of U-235 out of the feed, deple-
ting e.g. natural U substantially down to a tails assay of 
- say - 0.2 % U-235. 
A Separation unit is composed of Separation stages, that contain 
many separation modules. Each stage supplies a specified separa-
tion step, the first stage of the rectifier e~g. from. 0.72 to 
0.73% U-235. The lower stages in the rectifier near the feed 
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input have to handle a large mass throughput. At further stages 
the throughput is decreasing successively. In such a way, a 
cascade type configuration of separation modules is formed. 
Rectifier and stripper together form a double cascade according 
to the scheme in Fig. D.4.2. 
Quite important for such a cascade is the "non-blending-condition", 
which requires, that the depleted fraction of a stage may be 
added only to the feed of a lower stage having the same U-235-
concentration: In such an "ideal cascade" no entropy increase 
may take place due to blending of unequal isotope concentrations. 
The effort necessary for gaining a specified end product, e.g. 
uranium with 3 % U-235, is called "uranium separative work". This 
separative work T can be divided in the portions for the enrich-
ment and the depletion section UP and UW, respectively: 
A quantitative treatment leads for the desired product amount P 
to the following relation: 
T ::::: P • V (Np) + P • ( c = 1) • V ( NW) - P • c • V (NO) 
where V(N) is the value function V(N) = (2N-l) ~n N/(1-N) 
and c = F/P is the relative amount of necessary feed material; 
it can be expressed by the enrichment figures N0 , NP and NW for 
natural uranium, product and waste, respectively, to: 
c= 
Np - NW 
No - Nw 
The separative work formally has the dimension of mass or weight, 
in practical use is the expression "kg separative work" or 
"separative work unit SWU". 
In Table D.4.II a series of numerical examples for separative 
work and demand of natural uranium is listed. 
The commercial material leaving the enrichment plant is enriched 
UF 6 . If the feed material (in the form of natural UF 6 ) is supplied, 
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the customer is charged only with the price of separative work. 
1 SWU costs presently (1982) about 160 US-Dollars,the tendency 
being unstable. 
There is an increasing separation capacity world-wide. The US-
plants for commercial enrichment have a capacity of about 
2.5 x 107 SWU per year. This capacity can supply the demands 
of 250 LWR power stations with 1000 MWe. The continuously in-
creasing number of LWR plants requires additional separation 
capacity in the future. Besides the also existing smaller diffu-
sion plants in France, Great Britain and USSR, there are the 
following enrichment installations under construction or prepa-
ration: 
A large gaseaus diffusion plant in France, 
a German-British-Dutch gas centrifuge capacity, 
a separation nozzle plant in Brazil, 
a Separation plant in South Africa (UCOR-process), 
gas centrifuge plants in USA. 
Table D.4.I: Qualitative Assessment of Separation Processes 
Gas Gas Separation 
Diffusion Centrifuge Nozzle 
Single Separation 
small large medium Effect 
Number of Stages for 
Enrichment to 3 % ca. 1200 10 to 20 ca. 300 
U-235 
Specific Energy large small large 
Consumption no poten- reduction 



















Separative Work and Demand in Natural Uranium 
Natural U: N0 = 0.720 mol-% (~ 0.711 w/o) 
Tails Assay: NW = 0.20 mol-% 
Natural U Demand F/P Separative Work 
u (kg per kg enriched U) (SWU per kg 
enriched U) 
U) 1.00 o.oo 













Gas Diffusion Gas Centrifuge Separation Nozzle 
Fig. D.4.1: Separation Processes 
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Fig. D.4.2: Scheme of an Enrichment Cascade 
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D. 5. Plutonium Production and Separation 
The element plutonium does not exist in nature. It is formed 
out of U-238 by the breeding process: 
Therefore, irradiated uranium fuel contains Pu, the relative 
amount being dependent on burnup and conversion ratio. If e~g. 
in a reactor core, there is a conversion ratio of 0.5, then the 
fission 
of l % of the U-235 atoms should lead to 0.5 % Pu, 
of 10 % of the U-235 atoms should lead to 5 % Pu 
in the irradiated fuel. 
This quite simple picture, however, does not correspond fully to 
reality. For in the later operational phases also fissions in 
the Pu take place increasingly. Furthermore, some amount of 
higher Pu-isotopes is created according to the scheme: 




The halflife of Pu-241 is ca. 15 years, so that there is a 
sensible buildup of Am within relatively short time. Plutonium 
with a substantial content in higher Pu-isotopes (Pu-240 etc.) 
is called "dirty Pu". This designationwas introduced as cantrast 
to the "weapon grade Pu-239" which is desired for nuclear weapons. 
At an employment of Pu as reactor fuel the higher isotopes are 
practically of no detrimental influence. 
There are produced increasingly substantial amounts of Pu. A 
large LWR power plant of 1000 MWe e.g. produces about 250 kg Pu 
per year. 
The Pu is recovered out of the irradiated fuel in the course of 
reprocessing. In the technically and commercially matured 
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"Purex process" the pure Pu is gained in the form of Pu-nitrate 
after dissolution and Separation from fission products and 
uranium, see Fig. D.5.1. This product in aqueous Solution 
constitutes mostly the commercial fOrm of Pu. Recently there 
is an increasing trend to produce the feed material for fuel 
fabrication directl~ at the reprocessing plant. For this inten-
tion, the oxalate precipitation process is applied leading to 
sinterable Puo 2 powder. A further rework to Pu-metal is 
- similar to the fabrication of U-metal - possible by taking 
the bypass over Pu-tetrafluoride. 
Dissolving in hot HN0 3 
Irradiated Fuel Elements 
U,Pu and Fission Products 
in Solution 
Extraction with tributylphosphate 
U and Pu in Organic Solution 
Back-extraction with diluted HN0 3 ~ 
Pu(N03 ) 3 in Aqueous Phase 
Precipitation with oxalic acid ~ 
Pu-Oxalate 
Dehydration and calcination 
Puo 2 , Sinterable 
Hydrofluorination 
Reduction with Ca 
Pu-Metal 
Fig. D.5.1: Recovery of Plutonium 
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D.6. Thorium and U-233 
Source material for nuclear grade thoria or thorium-metal is 
monazite. Figute D.6.1 demonstrates the essential steps from 
monazite sand to the pure products. 
The recovery process is quite similar to the U-recovery. The key 
intermediate product before final purification is Th-nitrate. 
For the reduction of thoria to the metal zinc chloride is intro-
duced in order to get a low melting Th-Zn-alloy. Otherwise at 
the calciothermic reduction the melting point would not be 
achieved and the Th-metal would precipitate as powder. The 
separation of the Zn is easily performed by final destillation. 
The artificial fissile nuclide U-233 is gained by breeding out 
of thorium. U-233 is present in irradiated Th-containing fuel 
and is disengaged in pure form in the course of the socalled 
"Thorex-process'', see scheme in Figure D.6.2. This process is 
formally quite similar to the Purex-process. It leads to uranyl 
nitrate with U-233, which is further converted to oxide and 
metal. The Thorex-process is not yet verified and tested in 
technical scale. Special attention requires the buildup of 
U~232 - which is formed by a side reaction -,because this isotope 
initiates hard gamma radiation. 
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Monazite Sand J 
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~-L---------------· 
Th, U, Rare Earths as Sulfate 
and Phosphate 
Precipitation with NH 40H 
-.---~ _ ____. 
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Th in Organic Solution 
Calcination at 650 °c 
Fluorination with HF 
Addition of Zncl 4 
Reduction by Ca 
Th-Zn-Alloy 
Separation by destillation 
Th-Metal 
Fig. D. 6.1: Scheme for the Recovery of Thorium 
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Irradiated Thorium 
Dissolving in HN0 3 
Th, U-233 and Fission Products 
in Solution 
Extraction with tributylphosp hate 
Th and U-233 in Organic 
Solution 
Back-extraction with diluted HN0 3 
uo2 (N0 3 ) 2 in Aqueous Solution 
Further processing similar to natural u 
uo2 or U-Metal with U-233 
Fig. D.6.2: Scheme for the Recovery of U-233 
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E. FUEL TYPES AND FABRICATION 
E,l THE FUEL TYPES IN RESEARCH AND 
POWER REACTORS 
E,2 SURVEY ON FUEL PROPERTIES 
E,3 METALLIC FUELS 
E.4 CERAMIC FUELS 
E,5 DISPERSION-TYPE FUELS 
E,6 COATED PARTICLES 
E.7 FUEL HANDLING AT FABRICATION 
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E.l. The Fuel Types in Research and Power Reactors 
Principally there is to be distinguished between liquid fuel 
in homogeneaus reactors and solid fuel in heterogeneaus reactors. 
Nowadays only solid fuels are employed in power reactors and 
also - with very few exceptions - in research reactors. 
The solid fuels may be subdivided into the following groups: 
Pure Metals and Alloys: 
for research reactors and co 2-cooled power reactors as well 
as for early experimental fast breeders. 
Ceramic Compounds like oxide, carbide and nitride: 
Oxide for light and heavy water reactors, for AGR, for fast 
breeders, within the coated particles of high temperature 
reactors; 
Carbide also within coated particles and - possibly in the 
future - for fast breeders; 
Nitride has also some potential for fast reactor application. 
Metal-Ceramic-Compounds, Fuel Dispersions: 
for material test reactors and high flux reactors; 
Coated Particles: 
for helium-cooled high temperature reactors. 
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E.2. Survey on Fuel Properties 
The basis for this survey and for comparison are the numerical 
data of some important material properties in Table E.2.I. The 
figures for ceramic fuel refer (if applicable) to 100 % dense 
material. This, of course, is the case for metallic fuel. 
The density together with the heavy metal content defines the 
nurober of fissionable atoms per cm3 and, hence, influences 
markedly the nuclear and thermohydraulic design of the reactor 
core. The density is slightly dependent on the isotopic composi-
tion which, however, is practically insignificant. Quite essen-
tial is for ceramic fuels the dependence of the density D from 
porosity P according to the relationship 
where n100 is the density of 100 % dense material, i.e. material 
of 100 % of theoretical density (~ 100 % T.D.). The actual den-
sity of a ceramic mixture may be linearly interpolated from the 
figures of the components with sufficient accuracy. 
The heavy metal density is, of course, highest at the pure metal 
and strongly reduced in compounds, see Table E.2.II. 
The crystallographic form of the fuel metals is anisotropic at 
low temperatures, which induces macroscopic anisotropy. At 
higher temperatures also the metals change into cubic crystals. 
The ceramic compounds (except uc 2 ) are cubic face centered 
throughout the whole temperature range and, hence, isotropic. 
The transition temperature designates the transition to another 
crystallographic form. At such a transition also the density of 
the material is altered. 
The fusion point is the temperature limit, which governs the 
maximum permissible operation temperature. The latter is fair 
below this upper limit, the reasonable safety distance also 
taking into account hot spot considerations. 
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The thermal conductivity is a material property dependent on 
temperature. This property is responsible for the heat flux 
within the fuel and limits the maximum possible specific power 
of a fuel element. In Figure E.2.1 the quite different course 
of U-metal and U-ceramic is demonstrated. In addition to the 
temperature dependence, there is - for ceramic fuels - a non-
negligible dependence on stoichiometry and porosity. For uo 2 
e.g. the latter is approximated by the relation 
k = klOO (l-P2/3)' 
where k 100 and k is the thermal conductivity of the 100 % dense 
material and the material of porosity P, respectively. 
400 800 1200 20CKJ 
Temperature 
Fig. E. 2 .1: Thermal Conductivity of Nuclear Fuels 
Table E.2.I: 
- 81 -
Material Properties of Nuclear Fuels 
(Figures in brackets are applicable temperatures 
in °e) 
Density erystallographic Transition Fusion Thermal 
- Terrpera- Tempera- eonduc-
(g/cm 3 ) 
Form 
ture ture tivity 
. ' (oe) (oe) (W_L_m K) 
u 19.04 (25) a orthorhombic 668 25 ( 2 5) 
18.11 ( 7 20) ß tetragonal 775 
18.06 ( 805) y cubic b.c. 1132 
Pu 19. 82 ( 2 5) a single monoclinic 126 8 ( 25) 
17.82 (133) (3 monoclinic b.c. 209 
17.14 ( 235) y orthorhombic 316 
15.92 ( 3 2Ö) 0 cubic f.c. 456 
16.00 (465) 0 I tetragonal 484 
16.48 ( 510) E cubic b.c. 641 
Th 11.50 ( 2 5) a cubic f. c. 1375 38 (100) 
ß cubic b.c. 1750 
uo 2 10.96 ( 2 5) cubic f. c. 1850 8 (200) 
ue 13.63 ( 2 5) cubic f. c. 2370 24 (200) 
ue 2 11.68 (25) tetragonal 1820 6 (200) 
cubic f. c. 2470 
UN 14.32 ( 25) cubic f. c. 2840 13 (200) 
Puo 2 11.46 (25) cubic f. c. 2390 13 (200) 
Pue 13.62 (25) cubic f. c. 1654 (peritectic decomposition) 
Th0 2 10.05 (25) cubic f. c. 3300 10 (100) 
The 10.96 (25) cubic f. c. 2620 8 (200) 
Table E.2.II: Heavy Metal Density 
Metal Densi ty (g/cm1 Metal eontent (w/o) ! 
u 19.04 100 
uo 2 9.66 88.2 
ue 12.97 95.2 
UN 13.51 94.4 
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E.3. Metallic Fuels 
Arnong the metallic nuclear fuels primarily pure uranium metal 
and uranium alloys are to be considered. Plutonium metal and 
alloys were extensively investigated in the course of nuclear 
weapon's development. For the energy production, however, they 
have no practical signifance. Thorium some time is employed in 
breeder pins. 
Fuel metals offer high heavy metal density and high thermal 
conductivity compared to ceramics. At practical fabrication to 
shaped pieces all methods and procedures well known from conven-
tial metallurgy can be applied including powder metallurgy. 
Essential disadvantages are the limited corrosion resistivity 
to air and coolants and problems of compatibility with cladding 
materials, furthermore the crystalline anisotropy and the mani-
fold phase transitions. 
In the fabrication of U-metal or U-alloy mostly the metallurgical 
way of melting and casting is used followed by mechanical forming 
and treatment, see scheme in Figure E.3.1. 
A special problern also at operation is the extensive anisotropy 
which is based on the complicated crystal structure of a-uranium, 
see Figure E.3.2. The atomic distances in the lattice differ with 
direction which influences remarkably some properties, e.g. the 
thermal expansion. In a single crystal - see Figure E.3.3 - for 
the direction of widest lattice distance the expansion coefficient 
is even negative. 
The anisotropy decreases with higher crystallographic modification; 
the cubic body centered y-uranium is fully isotropic. 
It is, however, possible to get macroscopically isotropic material. 
Such socalled "texture-free" uranium is gained by procedural steps 
which arrange the anisotropic crystallites randomly. At an inter-
mediate annealing step in the ß-phase the original rolling texture 
is neutralized and at the followingquenching into the a-phase no 
macroscopic rearrangement of the crystallites will take place. 
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At the fabrication of pure plutonium metal about the same 
procedures can be applied. There are, however, still more phase 
transitions. Most Pu-modifications are almest not workable. In 
addition to that, Pu must be handled in absolutely tight glove 
boxes due to the extreme radiotoxicity. 
The behaviour of the pure metals U and Pu is often comparable. 
As far as practical application is concerned a list in Table 
E.3.I may demoostrate this similarity. 
To improve some properties like anisotropy, corrosion, fabri-
cability and irradiation darnage the pure metals are alloyed. 
There are to be distinguished alloys with low and high amount 
of alloying partner. A status somewhat in between may be 
allocated to socalled "dispersion alloys". 
Uranium alloys with low foreign additions (e.g. U-Nb 0.3; 
U-Mo5; U-Zr5-Nbl.5) are in the anisotropic a-state. At alloys 
with a higher foreign amount (like U-NblO or U-MolO) the y-state 
is quenchable and remains metastable at room temperature. u-
alloys with Th are throughout soluble homogeneously, Pu is 
soluble in U up to a limit between 10 and 20 %. 
Otheralloying systems, e.g. with Al or Si, have no extended 
regions of solubility. They exist preferably as intermetallic 
compounds, like UA1 3 , UA1 4 or u3si. These compounds often 
constitute the fuel component in dispersion alloys, e.g. UA1 4 
in aluminum matrix. 
In the case of Pu-alloys many systems were investigated in the 
course of weapon development. High-Pu as well as low-Pu alloys 
can be fabricated homogeneously with additions of Al, Zr, Fe, U, 
Th and others. The main goal in this context is always the 
stabilization of the isotropic o- and E-phases. Pu-U-alloys with 
an U-content above 25 % crystallize in the quite brittle socalled 
"zeta-phase". Also intermetallic compounds like PuA1 4 or PuFe 2 
and their dispersion into Al or Fe were fabricated. 
The metallurgy of thorium is basically more simple. The isotropic 
Th-metal is easily fabricable similar to steel. Alloying additions 
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like Zr or Mo improve selected properties like corrosion or 
weldability. Up to now, Th-metal was not applied very much, so 
that there could not be gained technical experience. 
Table E.3.I: Behaviour of the Pure Metals U and Pu 
Crystal Structure anisotropic 
Thermal Expansion differs in direction 
Phase Transitions volume changes 
Cyclic Temperature Change anisotropic growth, cracks, 
surface roughening 
Corrosion not .stable in air and water 
Irradiation Damages dimensional changes, swelling, 
loss in thermal conductivity 
Problems at Fabrication textures, embrittlement 
U-metal Ingot + Alloying Additions 
Melting and Casting in Vacuum 
Metal Casting 
Rolling, Hammering,Annealing, Quenching 
Metal-cutting Finish 
Texture-free Piece 
Fitting Piece according to 
Specification 
Connection to Cladding by Brazing 
or Swaging 
Cladded Fuel 
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E.4. Ceramic Fuels 
Ceramic nuclear fuels comprise the high-melting compounds of 
U and Pu, especially the oxides, carbides and nitrides. Also 
Th-compounds, which can serve as breeder materials, belong to 
this group. The high melting temperature allows principally a 
large temperature range of practical use. The ceramies through-
out are isotropic in their properties and to far extent chemically 
resistant. On the other hand, the shaping requires powder ceramic 
methods at high temperatures. The thermal conductivity and the 
heavy metal density both are lower than with metallic fuel. 
Out of the different ceramic compounds only uo 2 is produced and 
applied in large technical scale. All the LWR nuclear power plants 
are operated with uo 2 fuel. Carbide type fuel would constitute a 
safety risk in the presence of water coolant. Carbides (and 
perhaps also nitrides) may be a potential for future fast breed-
ers because of their higher metal density and enhanced thermal 
conductivity. In laboratory scale also silicides, phosphides and 
sulfides were fabricated and tested. The silicide u3si was already 
irradiated, it may be a potential for thermal reactors. 
The fabrication of 00 2 fuel for inserting into fuel pins Starts 
always with nuclear grade sinterable uo 2 , which is the final 
product of ore processing or isotopic enrichment. This uo 2 powder 
is processed into pellet fuel by a large sca1e powder ceramic 
procedure. These socalled "pellets'' are cylindrical pieces with 
plane or "dished'' top and bottom surfaces. The course of this 
process is characterized in Figure E.4.1; a sketch of sintered 
U0 2-pellets is shown in Figure E.4.2. 
Another type of uo 2 fuel is particle fuel. Such particles neces-
sarily have to have high density, in order to guarantee a suffi-
cient high overall fuel density in view of the unavoidable 
cavities between them. For the fabrication of particles different 
ways are available, see the schemes in Figures E.4.3 and E.4.4. 
There are to be distinguished dry and wet processes. In a dry 
process the sinter grade uo 2 powder at first is pressed and then 
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crushed and sintered. In the wet sol-gel-process at first a 
colloidal uo 2-sol ist generated out of uranyl nitrate by a 
complex-forming substance. By addition of a gelation agent 
compact little spheres are precipitated, which are finally 
sintered. These socalled "uo 2-kernels'' have diameters below 
and around 1 mm. 
Such a particle type fuel may be introduced into cladding tubes 
and further compacted by mechanical vibration. Also further 
compression of the particles in dyes seems to be feasible. But 
the ••normal" pellet fabrication directly out of the sinterable 
powder is technically preferred for LWR fuel. A quite important 
application, however, is for high temperature reactors (HTR), 
where the particle fuel is used exclusively, see chapter E.6. 
The uo 2 fuel in all phases of fabrication is accompanied by 
characterization and quality control. A few important charac-
teristics are compiled in Table E.4.I. 
The fabrication of pure Puo 2 or mixed uo 2-Puo 2-fuel follows a 
similar routine. On has to take into account, however, the 
special conditions of Pu-handling. In Figure E.4.5 a (simplified) 
process scheme for mixed oxide is demonstrated. In praxi there 
are many modifications applied in order to improve the homoge-
neity of the mixture. By far more satisfying compared to mechan-
ically mixed fuel is the "coprecipitated" fuel, for which both 
the heavy metal components U and Pu are commonly precipitated 
out of the fluid phase into sinterable (U,Pu)o 2-powder. 
One can expect, that in the future two principally different 
compositions of mixed oxide are required, that is the recycle 
fuel for LWR with a Puo 2-content below 10 % and the fast breeder 
fuel with a Puo2-content around 20 %. Each of these fuel types 
makes necessary a specially adjusted fabrication process. 
The fabrication of Tho 2 and its mixtures with uo 2 follows an 
analogaus scheme. But Th0 2 may be sintered in air, while with 
uo 2 and Puo 2 an inert gas with hydrogen addition is necessary. 
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Carbide fuels of the type monocarbide MeC have the advantages 
of improved thermal conductivity (similar to the metals) and 
increased heavy metal density. They are, however, not resistant 
against air and water. Fine carbide powder is even pyrophoric 
and must be handled with great care. The vapour pressure at high 
temperatures is rather high, already below the fusion point. Pure 
PuC is decomposed at 1654 °C. The compatibility with cladding 
metals is good as long as the carbide is monophase. At a metal 
surplus in carbide, reactions with metallic components of the 
cladding take place, a carbon surplus lead to carburization of 
the clad. 
The fabrication of U-monocarbide starts with U-metal or with 
sinterable uo 2 . In any case, there is a two-step process nec-
essary, namely at first the production of carbide raw material 
and then the further processing to pellets or other densified 
pieces. A simplified scheme of two processes is demonstrated in 
Figure E.4.6. A key characterization magnitude of the technical 
product is the impurity in higher carbides. While sesquicarbide 
Me 2c 3 in contents of some few percents is not detrimental to the 
properties, already a quite low impurity by dicarbide Mec 2 reduces 
the compatibility significantly. 
The fabrication of Pu- und Th-monocarbides is carried out by 
similar processes. 
A further ceramic fuel type already investigated thouroughly 
comprises the mononitrides MeN. They bring an improved chemical 
stability and compatibility compared to carbides, but the nitro-
gen content causes enlarged neutron absorption. The fabrication 
of UN out of uo 2 is performed by a carbothermic reduction at 
1600 to 1800 °C in a N2-atmosphere. Also mixed nitrides (U,Pu)N 
and carbonitrides were produced in laboratory scale and charac-
terized and tested in irradiation experiments. 
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Table E.4.I: Characterization of uo 2 Fuel Pellets 
uo 2 Powder Cornposition 
Oxygen Content 
Specific Surface 
Pressed Green Pellet Geornetry 
Density 
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Fig. E. 4. 5: Fabrication of U0 2-Puo2-Mixed-Oxide 
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E.5. Dispersion-Type Fuels 
This not very exactly defined heading shall characterize compound 
fuels, that are composed of a metallic and a ceramic component. 
The fissionable material is always included in the ceramic, e.g. 
in uo 2 , u3o8 , uc 2 and this ceramic component is uniformly distrib-
uted throughout the metallic matrix. Therefore, these fuels are 
called "dispersion fuels'' or"matrix systems". Another short des-
ignation is "cermet fuel". 
The metallic matrix guarantees the metallic strength and thermal 
conductivity. Above that, metal work is more simple. Sometimes, 
the metallic component serves in highly concentrated fissionable 
material as a diluting agent which is permeable to neutrons. These 
compound fuels can be divided into cermets with low metal portion 
and cermets with high metal portion. There is some dependancy to 
dispersion alloys and fuel compounds out of ceramies and graphite, 
the latter being used in HTR's, see chapter E.6. 
At cermets with low metal portion, the metal shall form a network 
of heat-conducting connections, a socalled "idealized structure". 
In such a structure, e.g. a molybdenum addition of 10 to 20 % to 
uo 2 already doubles the thermal conductivity. The overall behav-
iour remains defined by the ceramic component. 
A dispersion fuel with high metal portion contains e.g. 
35 v/o u3o8 in aluminum or 
25 to 50 v/o uo 2 in stainless steel or 
40 v/o uo 2 in refractory metals. 
These cornpound fuels behave sirnilar to the matrix rnetal with 
respect to mechanical and thermal properties. For fabrication 
either the ceramic fuel powder is disperged in the melted metal 
(e.g. u3o8 in Al) or both cerarnic and metallic powders (e.g. uo 2 
and steel powder) are mixed and densified by powder rnetallurgy 
applying comrnon processes like cold and hot pressing, rolling, 
extruding, sintering. 
Cermet-fuels can be formed to pellets by pressing and sintering, 
to rods and tubes by rolling and extruding. Very important, 
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however, is the fabrication of fuel plates. Especially for the 
fuel of material test reactors, that contains more than 90 % 
fissionable uranium isotopes, such plates are indispensable, 
because they make possible the design of compact reactor cores 
with large internal cooling surfaces. 
For the cladding of fuel plates mostly the socalled "picture-
frame-technique" is applied. 
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E.6. Coated Particles 
In the coated particles a kernel of oxide or carbide fuel is 
surrounded with a solid and gas-tight coating. This coating 
consists of some separate layers of carbon and silicium carbide. 
The objective of this fuel concept is to guarantee the integrity 
of the envelopment of the fuel also at temperatures, to which 
metalsdo not withstand. The typical application for this concept 
is the helium-cooled high temperature reactor. The outside fuel 
element cladding of graphite is not sufficiently tight against 
fission products. The actual mechanical barrier against fission 
product release and fuel swelling is realized within the coating 
of the individual particle. 
The fuel kernels consist of uo 2 , uc of uc 2 or - in respective 
cases - of the same compounds with Th and Pu. The kernels are 
fabricated up to a size of about 1 mm 
by powder compaction, crushing, rounding and sintering, 
by arc melting or 
by a sol-gel--process. 
For an envelopment of the fuel particles, basically also coatings 
of refractory metals like Mo and V are acceptable. But in practi-
cally all cases now multilayer-coatings of pyrolytic carbon 
- acronym PyC - are applied. One has to distinguish between two 
types of coatings, i.e. the "Biso"- and the ''Triso"-coating. The 
Biso-coating is built up by 2 or 3 layers, namely: 
An internal porous layer of PyC serves as a buffer. It can 
absorb the fission product atoms that escape out of the 
surface of the fuel kernel. 
An external high-dense and high-tight layer (socalled HDI 
layer) provides a strong mechanical enclosement and tight-
ness against fissionable material and fission products. 
Sometimes a "seal-layer" of anisotropic PyC is introduced 
between the two layers mentioned above. 
Biso-particles provide sufficient restraint at not to high 
temperatures and only for oxide kernel fuel up to low or medium 
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burnup. At load conditions above these limits one has to take 
into account release of some metallic fission products like es, 
Sr, Ag by diffusion. An adequate protection is here established 
by a Triso-coating which contains an additional SiC-layer below 
the external PyC-layer. At an advanced state of development, in 
reality there are not three but four layers , because the high-
dense PyC-layer is deposited two-times. In Figure E.6.1 the 
typical buildup of Biso- and Triso-particles is shown. The total 
thickness of such a multiple coating is between 100 and 300 ~m 
and is therefore by far larger than the free migrational distance 
of recoil atoms. 
The layers of pyrolytic carbon are produced by deposition out 
of hydrocarbons (methane, propene, acetylene) at high temper-
atures (1200 to 2100 °C) within a turbulance chamber. Dependent 
on temperature and organic gas density there are produced 
porous or highdense PyC-layers. Also an amorphous, laminary or 
columnary structure within the layers may be achieved at proper 
deposition parameters. The SiC-layers are gained by deposition 
out of methylsilicon trichloride CH 3SiC1 3 at about 1800 °C. Also 
layers of other carbides like ZrC and of coprecipitated PyC-SiC-
mixtures have already been experimentally tested. In such a way 
it is possible to improve the strength and the geometric stability 
and to further reduce the diffusion of metallic fission products. 
Perhaps the total thickness of a coating may be reduced somewhat 
being favourable to the nuclear conversion rate in thermal breeding. 
At the further processing to fuel elements, the coated particles 
are surrounded by a graphite envelopment,see H.S. For this purpose 
the particles either are filled into hollow. graphite structures 
(e.g. a hollow ball) or are disperged into a graphite matrix. In 
preparation to such a dispersion procedure, the particles are 
equipped with an additional loose protection layer (e.g. of graphite 
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E.7. Fuel Handling 
Nuclear fuels principally constitute a hazard potential, be 
it for the nuolear installations and their employees themselves, 
be it for the environment and the general public. In this con-
text the following points of view are primarily to be envisaged: 
health 
nuclear safety 
safeguarding against misuse 
safeguarding against actions from outside. 
The dangers to health, which can be originated by nuclear fuels, 
refer to body darnage by direct irradiation from outside or by 
incorporation. The endangerment by· outside irradiation is 
primarily caused by the penetrating y-radiation and - in some 
special cases - by neutron radiation. Concerning the incorpora-
tion,mainly the a-emitters that produce high energy doses within 
short reach are to be considered. 
An extraordinarily large intensity of hard y-radiation is emitted 
by burnt nuclear fuel, wherefore irradiated fuel elements can 
be handled only behind huge shieldings (about 2 meters of concrete) . 
Also unirradiated fuels emit some y-radiation. But only higher 
Pu-isotopes and U-232 may lead under special circumstances to a 
radiationload which requires adefinite shielding. 
All the isotopes of nuclear fuels are toxic. The chemical toxicity 
is similar to the toxicity of other heavy metals e.g. lead. The 
specific endangerment stems from the radiotoxicity which is 
induced by the a-radiation.In Table E.7.I,for the fuel isotopes 
a compilation of the most important data relevant in this respect 
is brought. 
The protection measures against radiotoxicity are generally based 
on cleankeeping of air and water and on avoiding direct incorpora-
tion. At the professional handling of nuclear fuels the following 
provisions and measures are indispensable: 
protective clothing, evt. special breath protection, 
personal dosimetry, 
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surveillance of working spaces with respect to contamination 
by radioactive material, especially on surfaces and in the 
air, 
an ergonomically favourable layout of the working process, 
precaution and care and clean working conditions, 
medical surveillance of workers. 
Irradiated fuel can be manipulated only in a hot cell using 
remotely operating tools. Such a cell is surrounded by a very 
thick shield made of normal or heavy concrete. Besides that, 
the cell has to be a-tight, too. For visual connection to the 
operators there are installed thick windows of leaded glass. 
Unirradiated natural U (and also depleted U) principally can be 
handled in open air. But with fine powdered material (e.g. sinter-
grade uo 2 ) some dust protection is required in order to keep the 
air properly clean. Also direct contact must be avoided. Enriched 
U requires improved breathing protection because of the higher 
a-activity. 
Plutonium is to be enclosed into absolutely tight boxes, the 
socalled "glove boxes", see figure E. 7 .1. The manipulation is 
carried out via rubber gloves or remotely. The glove boxes have 
internally a slight underpressure compared to outside. Thus, at 
an occasional untightness - e.g. in a rubber glove - the air-
current is directed into the box. 
The sanitary consequences of inadmissibly high irradiation or 
incorporation may be shortterm or longterm. A shortterm conse-
quence is the socalled radiation sickness, a "radiation syndrom", 
longterm consequences are possibly leucemy, cancer and genetic 
damage. Such sanitary damages, however, were observed (e.g. at 
animal tests or at radiation accidents) only at actual doses 
which were by some orders of magnitude above the legally admis-
sible limi ts. 
The item nuclear safety refers to the danger, that there is formed 
unintentionally a critical device. In such an incident, not the 
energy release would be of primary concern, but the push of radia-
tion. The formation of a critical device is safely avoided by 
precautions concerning geometry ("safe geometry"), 
concentration limits of fissionable material or 
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mass limitation ("safe mass"). 
The mass limitation as an inherently safe method is oriented on 
the minimal critical mass. The maximum allowable amount in 
handling and fabrication is always less than the half of the 
critical mass, see Table E.7.II. 
The safeguarding against misuse, e.g. for fabrication of nuclear 
explosives is based on the international system of non-polifera-
tion control. A prerequisite for the efficiency of such a system 
is the availability of measuring methods and equipment as well 
as a complete mass control and accountance for the fissionable 
material. 
The safeguarding against actions from outside, which is necessary 
especially at the handling of large amounts of Pu, requires 
resistant buildings, e.g.against earthquake and air crash and, 
in addition, administrative protection and personal guarding, 
e.g.against sabotage. 
Table E.7.II: Mass Limits for Fissionahle Isotopes 
U-233 U-235 Pu-239 
Minimal Critical Mass 
in Solution with 
Reflector 590 g 820 g 510 g 
as Metal with Reflector 7.5 kg 22.8 kg 5.6 kg 
Maximum Allowable Amount 
in Solution 250 g 350 g 220 g 
as Metal 3.2 kg 10.0 kg 2.6 kg 
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Table E. 7·. I: Radiation of Fuel Isotopes and Permissihle 
Activity in Air and Water 
Th-232 U-235 U-238 Pu-239 Pu-240 
Halflife (a) 1. 4l•lo10 7.04•108 4.47•109 2.44•104 6537 
Radiation a a a a,y a,y,n 
Specific (f.lCi/g) 0.11 2.16 0.34 61300 227800 
Activity (1/s g) 4.04 •103 7.99•104 1.24•104 2.27•109 8.43•1010 
1 Curie is 9152 kg 463 kg 2976 kg 16.3 kg 4.4 g 
equi valent to 
Permissihle Limit 
of Activity 
- in Water (Ci/m3) 9 .0•10-8 2.3•10-7 3.5•10-8 2.8•10-7 2.8·10-7 
(1/s m3) 3.3•103 8.3•103 1. 3•103 9.8•103 9.8•103 
- in Air (Ci/m3) 6.6•lo-14 2.6•10-13 1. 5•10-13 3. 6•lo-15 3. 6•lo-15 
(1/s m3) 2.5•10-3 9.6•10-3 5.5•10-3 1. 3•10-4 1. 3•10-4 
Maximum AlleMahle 
Arrount 
- in Water (f.lg/m3) 800000 100000 100000 4.5 1.2 
- in Air (f-1g/m3) 0.6 0,1 0.5 5.9•10-8 1. 6•10-8 
l 
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Fig. E.7.l: Glove-Box in a Pu Fabrication Line 
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F, NUCLEAR FUELS UNDER IRRADIATION 
F,l IRRADIATION CONDITIONS AND DEFINITIONS 
F,2 STRUCTURAL CHANGES IN THE FUELS 
F,3 THE BEHAVIOUR OF THE DIFFERENT FUEL TYPES 
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F .1 Irradiation Condi.ti.ons .and Defini ti.ons 
The statements for power and energy in the fuel always refer to 
the transformed and released amount of heat. This is true for 
the power as well as for the burnup (if the lqtter contains an 
energy measure). 
Two kinds of power measures are to be distinguished, namely 
and 
the mass specific magnitude "specific power" bfis'measured .in 
watts per gram fissionable atoms 
the power in relation to geometry, measured in 
watts per cm3 fuel 
3 
or megawatts per m core volume 
or watts per cm fuel rod length 
or kilowatts per m fuel rod length. 
The last mentioned magnitude applicable to fuel pins is designated 




with pth ~ theoretical density, 
dBr L:! % of theoretical density, 
fMe ~ weight portion Me in fuel, 
y ~ weight portion of fissionable nuclides, 
R ~ fuel radius. 
As a measure for the fuel burnup either the number of nuclear 
fissions per specific amount of fuel or the total energy generated 
by fissions and released is used. Therefore, we have the following 
burnup definitions: 
Number of fissions per cm3 fuel, 
burnup in%= 100 x (number offissions per number of initial 
heavy metal atoms) = 100 x fima-value, 
fima = fissions per initial ~etal ~toms, 
fifa = fissions per initial fissile ~toms, 
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Megawattdays (MWd) per kg fuel, 
Megawattdays per kg or tonne heavy metal. 
In this context "heavy metal (Me)" means Th, U and Pu. In case 
of U-235 as fissionable material, the following correlations are 
exactly fulfilled, for the other fissionable materials they are 
a very good approach: 
1 Watt = 3.25 1010 fissions per second, 
1 % Burnup = 9. 13 M~rild per kg Me = 9130 HWd per t Me, 
1 MWd per kg Me = 2.8l•lo18 ~Q fissions per cm3 fuel with 
pth • d • f Br Me Q = 100 
The correlation between fima and fifa is 
fima-value = fifa-value 1 + y , where y 
breeder amount 
= fissionable amount · 
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F. 2. S tructural Changes .in .the Fuels 
Exposed to the neutron flux of a reactor, the chernical cornposition 
of a nuclear fuel as well as the structural constitution is 
changed. These rnostly irreversible alterations are the irradiation 
darnages, which rnay lead finally to the failure of a fuel elernent. 
Within the fuel under irradiation the following prirnary processes 
are effective: 
The fission product atorns carrying prirnarily the largest 
portion of the fission energy are interacting strongly with 
the surrounding lattice atorns by ionization a~d knock processes 
up to a reach of about 10 wrn. There is taking place a cascade 
of hundreds of single reactions up to the final slowing down. 
Every fission product atorn leaves behind a trace of lattice 
darnage in the solid body. 
There is a continuous change of the chernical cornposition. 
Fissionable atorns (as e.g. U-235) disappear and instead of 
thern a variety of other chernical elernents corne into existence: 
the fission products. U-fuel after a burnup of 3 atorn-% con-
tains e.g. about 3 weight % foreign material. About 15 % of 
these portion are the noble gases Kr and Xe. Sorne of the 
elernents like es and I are easily volatile, rnost of thern 
are solid. 
These prirnary effects produce alterations and darnages in the fuel, 
narnely 
nuclear alteration: The fissionable content decreases, the 
neutron absorption by the fission products increases signif-
icantly; 
lattice and structure changes: Lattice extensions, empty 
lattice positions, grain boundary deposits and finally 
pores and cracks; 
segregations: The noble fission gases are partly released, 
the fission products and also the fissionable atorns rnay 
rnigrate as a consequence of the ternperature gradient; 
thermal alterations: Due to the lattice darnages the thermal 
conductivity is reduced, also the heat transition out of the 
fuel decreases; 
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changes in stoichiometry: The fission product mixture exhibits 
another chemical valence compared to the disappeared fission-
able atoms. E.g. in oxide fuel the oxygen potential is in-
creasing, the fuel becomes hyperstoichiometric in the course 
of irradiation; 
corrosion attack on the cladding: Some special fission products 
as well as the change in stoichiometry may induce enhanced 
chemical attack, the compatibility between fuel and clad 
decreases; 
mechanical alterations: As a consequence of the lattice damages 
the fuel embrittles further,accompanied by a reduction in 
strength; 
dimensional changes: Instead of the fissionable atoms a double 
number of fission product atoms are produced. Their space needs 
lead to fuel swelling. Local differences in swelling amount or 
anisotropic behaviour of lattice may lead to changes in the 
geometric shape. 
All these alterations are influencing the lifetime of a nuclear 
fuel. Basically two types of life limits are to be distinguished, 
namely 
the nuclear life limit, that is defined hy the reduction in 
fissionable content and by the fission product poisoning, 
the technological life limit, that is reached by thermo-
mechanical degradation of the lattice and the structure and 
by the swelling. 
In thermal reactors with natural U often the nuclear life limit 
is decisive, in thermal reactors with enriched fuel and in fast 
reactors practically always the technological life limit is the 
more important criterion. 
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F.3. The Behaviour of the Different Fuel Types 
The primary processes and the secondary effects - as described 
in the preceding chapter - are more or less the same in all fuel 
types. But there are quite large differences concerning the quan-
titative changes of technological properties induced by these 
effects. 
In metallic fuel the irradiation damages cause distinct alter-
ations in structure already after small burnup (e.g. 0.1 %) . The 
scarcely soluble fission gas produces pores. These pores - tagether 
with the solid fission products which cannot be accomodated in the 
dense metal body - cause swelling expansion. The ductility declines, 
there are cracks being developed within the fuel. Especially in 
case of cyclic operation, in an anisotropic structure an anisotropic 
swelling may take place. A coarse grain metal structure may be 
roughened on the surface. The lifetime with pure U-metal fuel is 
limited to about 1 % burnup. Seme alloys, however, achieve the 
range of 3 % burnup, e.g. Mo-alloys. There are also special alloys 
- e.g. a ternary U-Pu-Zr-alloy - which sustain even higher burnups. 
But the overall irradiation behaviour of metal fuel is not satis-
factory with respect to technical applications. 
For high burnup regions ceramic fuels are the given nuclear 
materials. uo 2 in LWR-fuel pins achieves maximum burnups of 5 %, 
mixed oxide in fast breeder fuel more than 10 %. In ceramic fuels 
high central temperatures and large radial temperature gradients 
are being developed. These gradients generate cracks in the 
ceramically brittle material, primarily in radial direction. While 
the structure of LWR-fuel shows only minor alterations in the 
Course of the burnup (see Figure F.3.1) I the uo2-Pu02-mixed-oxide 
fuel for fast breeders develops strongly differentiated structure 
zones (Figure F.3.2). There is a correlation between structure 
profile and temperature profile, the structure limits approximately 
refer to specified temperatures. 
LWR oxide fuel in pellet shape demonstrates only a very low fission 
gas release; in fast breeder fuel, however, up to 90 % of the 
generated gas amount is released. The fuel swells, because the 
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fission products need space. At lower burnups, the pore volume 
is partly used for swelling accomodation, at high burnups external 
volume increase takes place. The increasing amount in free oxygen 
- which is partly somewhat counterbalanced by the radial oxygen 
gradient - may lead to cladding attack, this attack being even 
promoted by some special fission product elements. 
In high burnup mixed oxide fuel for fast breeders the migration 
and segregation phenomena are marked, see Figure F.3.3. Some of 
the fission products, like especially Cs, migrate in the axial 
and radial temperature gradient. In the same manner some segre-
gation of U0 2 and Pu0 2 takes place. 
Oxide fuel in the form of vibrated particles exhibits a large 
fission gas release under irradiation. In the radially outside 
portions of the fuel, the particle structure remains more or less 
unchanged, while in the center the particle fuel becomes quite 
similar to irradiated pellets. 
Carbide fuel (which is an option for future fast reactors) sees 
at the same power a substantially lower temperature gradient. 
Therefore, only a few cracks develop and practically no structural 
changes. Also the fission gas release is very low. This increased 
restraint, on the other hand, results in a larger swelling rate 
compared to oxide. The higher heavy metal density acts in the 
same direction. Nitride fuel which is basically quite similar to 
carbide and the carbonitrides show swelling rates in between. In 
table F.3.I some rough swelling figures are compiled for orienta-
tion. In any case, one has to take into account, that this roughly 
linear swelling becomes observable outside not before an incubation 
period (at oxide not before about 2 % burnup) . 
In metal-ceramic fuel the metallic matrix surrounding the ceramic 
fissionable regions is being damaged by high energy ions of the 
fission products to a depth of about 10 ~m. Further darnage develops 
as a consequence of the space requirements of the fission products. 
Hence pore formation develops as well as internal stresses and 
cracks, especially in spots with peak temperatures and steep 
gradients. Cermets from uo 2 and stainless steel achieve burnups 
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of 20 % fima, always related to the U content. In such a fuel, 
the temperature within the steel matrix is limited to about 600 °c. 
The Al-matrix in a u3o 8-Al-cermet may loose its integrity already 
somewhat above 100 °c. With this cermet, however, burnups of 60 % 
fima were already achieved at low temperatures. 
The main point of view with coated particle fUel is the mechanical 
strength of the coating and its tightness against solid and gaseaus 
fission products. An useful measure for the release of fission 
products is the R/B-ratio, which symbolizes the ratio "release/birth". 
This R/B-ratio is different for different fission products and, 
above that, specific for the special layer considered. Single layers 
of PyC e.g. exhibit a ratio R/B = lo-3 for fission gases, twin 
layers show a ratio R/B = lo-5. This tightness remains unchanged 
as long as the coating is mechanically intact. The increasing 
internal pressure buildup finally blows up the coating, thus 
reaching the technological lifetime. At high concentrations of 
fissionable isotopes (e.g. about 90 % U-235) burnups of 50 % fima 
and more are achievable. But often the lifetime is limited by an 
one-sided attack of the kernel to the coating. Such a phenomenon 
(which is also called "amoeba-effect") is linked to a temperature 
gradient in the particles at a high temperature level: The kernel 
penetrates the coating at the hot side, see Figure F.3.4. This 
migration of the kernel is initiated by a chemical interaction 
between fuel and PyC, where the carbon of the PyC-layer is isolated 
and deposited on the opposite side of the kernel. Within a particle 
with a carbide kernel the carbon is assumed to diffuse directly, 
while in the presence of an oxide kernel the diffusion seems to 
operate via the gaseaus phase co 2 and CO. In the latter case the 
oxygen potential and the retransport of oxygen is important. Suitable 
additives to the fuel may suppress the whole effect up to high 
burnup. In oxide kernel e.g. special getter for reduction of the 








Fuel Swelling under Irradiation 






Cross Section of a uo 2 Pellet 
after 2 % Burnup under LWR-
Conditions 
Diameter 10 rnrn 
Central Channel Diameter 
Columnar Grains 
Grain Growth Region 
Unchanged Region 
Cross Section of a uo 2-Pu0 2-Pellet after 5 % Burnup 
under Fast Reactor Conditions 
Diameter 6 mrn 
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a) 
The micrograph of the pin cross section 
shows the fuel structure after 
irradiation. 
b) 
The Alpha-Autoradiography shows 
the migration of the Puo 
radially to the center. 2 
c) 
In the Beta-Gamma-Autoradiography 
the accumulation of fission products 
in the fuel ring around the central 
channel becomes visible. 
Fig. F.3.3: Migration Phenomena in High Burnup Mixed Oxide 
- Fue1 Diameter 6 mm, Burnup 90 MWd/kg Me -
20pm 
Fig. F. 3. 4: Amoeba-Effect in Coated Fue1 Partic1es 
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G. FUEL ELEMENT DESIGN AND FABRICATION 
G,l SURVEY ON FUEL ELEMENT TYPES 
G,2 PIN LAYOUT AND BUNDLE STRUCTURE 
G,3 BASIC RELATIONS FOR PIN DESIGN 
G,4 SPECIFICATIONS FOR PIN AND BUNDLE 
G,5 A TYPICAL FABRICATION ROUTINE 
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G.l. Survey on Fuel Element Types 
A fuel element can be defined as fuel carrier, that is manipu-
lated closely within a reactor core. We distinguish 
pins, individually inserted and manipulated, 
pin bundles, 
plate bundles, 
ball type fuel, socalled "pebbles", 
prismatic blocks with fuel channels. 
The orientation of the different types within the reactor core 
and the reactor designs concerned are compiled irr Table G.l.I. 
Single fuel pins with U metal form the core of the Gascooled 
Graphite Reactors (GGR). Every cooling channel contains some 
few pins, one above the other. The High Temperature Reactor (HTR) 
is cooled by helium, the fuel elements being arranged in "pebble 
beds" or in graphite blocks with fuel channels. All other power 
reactors are equipped with pin bundles: The Advanced Gascooled 
Reactor (AGR), the Heavy Water Reactor (HWR), the Light Water 
Reactor (LWR) in both versions (Boiling Water Reactor BWR and 
Pressurized Water Reactor PWR), the Fast Breeder Reactor (FBR) . 
In Table G.l.II a compilation is presented comparing the data of 
the different pin bundle types in power reactors. It is to be 
mentioned that in pin bundles mostly not all the positions are 
occupied by fuel pins. E.g. in a PWR bundle 20 pin positions 
remain free being reserved for the control rods. 
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Tab 1 e G . 1. I : The Fuel Element Types and Their Application 
Orientation 
in Reactor Reactor Type 
Core 
Gascooled graphite reactors, 
Single pins vertical 
resear.ch reactors 
Light water reactors, 
vertical heavy water reactors (KWU) , 
advanced gascooled reactors, 
Pin bundle fast Na-cooled reactors 
horizontal Heavy wate.r reactors (CANDU) 
Materials test reactors, 
Plate bundle vertical high flux re.actors 
Pebbles pebble bed 
Heliumcooled high temperature 
Blocks with reactors 
fuel channels vertical 
Table G.l.II: Typical Data for Pin and Bundle Design in Power Reactors 
Power Plant Calder Hink.ley Point B Philippsburg 1 Biblis B 
Location Calder Hall Hinkley Point Philippsburg Biblis 
Country Great Bri tain GeJ::many 
Reactor Type GGR AGR BWR PWR 
Power (MWe) 220 621 900 1300 
OUter Length (mn) 1115 996 4088 4407 
Dimensions Diameter (mn) 29.2 15.2 14.3 10.75 
Fuel Material U-Metal uo2 uo2 uo2 
Diameter (mn) 27.6 14.5 12.4 9.1 
Material Magnox Stainless Steel Zircaloy Zicaloy 
Clad 
Wall Thickness 0.8 0.38 0.81 0.72 
I 
Bundle Arrangement I (Single Pins) 3 Rings Square Square 
Nurober of Pins 36 49 236 
Bundle (or Single Pins) 




































G.2. Pin Layout and Bundle Structure 
A fuel pin contains always 
nuclear fuel, i.e. fissionable material + breeding material 
+ alloying or compound elements, 
surrounded by 
a can or cladding, i.e. a cylindrical tube with end caps. 
Fuel pins that are due for higher burnup often have a 
fission gas plenum, i.e. an empty volume within the can mostly 
secured by a support spring. 
Fuel pins for breeder reactors have 
breeding sections forming axial breeder blankets within the 
reactor core. 
Between fuel and clad there is either 
or 
or 
metallic contact, e~g. if metal fuel is directly connected to 
the cladding 
a more or less loose mechanical contact 
a defined and specified radial gap. 
A gap between fuel and clad is filled up with a protective gas 
(mostly helium) at the final steps of fabrication, as is done 
with every other hollow space within the pin. There are consider-
ations and also some experiments, where instead of a gas bonding 
a bonding with liquid Na was used as contact material with highly 
improved thermal conductance. A typical example for such a concept 
is the Na bonding between fuel and clad in a carbide pin. 
The pin layout for 3 different pin types is demonstrated schematic-
ally in Figure G.2.1, namely for pins of LWR, FBR and GGR. All 
these pins are vertically oriented within the reactor core. There 
are also reactors, the pins of which are positioned horizontally, 
the most important example being the canadian CANDU-type heavy 
water reactors. 
The fuel pins of all power reactors are assembled in bundles. With 
respect to the geometry of the bundle cross section one can dis-
tinguish square, circular and hexagonal bundles, see Figure G.2.2. 
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Furthermore, there are also more complicated cross sections, 
especially for research and test reactors. 
In a square bundle the possible number of pin positions is given 
by the square numbers. They need not to be occupied completely. 
Typical for a boiling water reactor (BWR) are 7 x 7 - 49 pin 
positions, for a pressurized water reactor (PWR) 16 x 16 = 256 
positions. The possible positions in a hexagonal bundle are 7, 
19, 37, 61, 91, 127, 169 etc. 
The pins of a bundle are to be positioned and mechanically fixed 
against each other. The whole bundle is to be integrated into 
the reactor core. For this purpese a special bundle structure is 
necessary that has also to guarantee the proper coolant flow. 
Generally, this structure is composed of foot endpiece, head end-
piece, wrapper tube and spacers, see Figure G.2.3. In LWR, for 
fuel pin spacing only spacer grids are in use. For FBR also wire 
spacing, i.e. wires helically surrounding every single pin, is a 
experimentally proven option. Also cladding tubes with integrated 
fins for spacing were already tested successfully. 
Nurobers mean mm, scale for 
diameter enlarged 15 fold 
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Fig. G.2.2: Cross Sections of Typical Fuel Bundles 
a) Pressurized Water Reactor (PWR) 
b) Boiling Water Reactor (BWR) 




d) Sodiurncooled Fast Breeder Reactor (FBR) 
Lower 
Endpiece 
Wrapper Fuel Pin Spacer Grid Upper 
Endpiece 
Fig. G.2.3: Structure of a Fuel Pin Bundle, Exarnple BWR 
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G. 3. Basic Relations. for. Pin Design 
In the numerical effort for pin design, there are to be used 
some special definitions as outlined in Table G.3.I. 
The coherence between the power measures is given by (R ~ fuel 
radius): 
2 
X = TI R • bfis • pfis = TI R
2 
• b • p = b • L f f f ( 1) 
The linear rod power and the radial temperature distribution in 
the fuel are connected via the thermal conductivity k. In the 
simple case of constant heat source density within the fuel, the 













temperature on the fuel surface, 
internal fuel temperature in the center, 
thermal conductivity of fuel. 
(2) 
This relation is strongly applicable for homogeneaus fuel cylinders 
in fast flux; it also approximates more or less the conditions in 
thermal flux, but only for low enriched fuel. 
From formulae (1) and (2) the radial temperature distribution can 
be calculated. In order to do so, a radial fuel portion with 
radius r is considered, see Figure G.3.1. With temperature T on 
the cylinder surface, the rod power x' of the inner fuel part 
can be expressed by both formulae as follows: 
X' = 'TT r 2 • b • p = 4'TT 





For a rough approximation we set k(T) = constant; hence: 
2 bfis • Pfis 
T = Ti - r 4 k 
This is a parabolic temperature distribution, Fig. G.3.1. 
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The maximum possible linear rod power in a fuel is (theoretically) 
defined by its thermal conductivity and the fusion or transition 
temperature. The fusion point shall not be achieved during opera-
tion. The same is due concerning a phase transition, because there 
would be substantial alterations in properties. From these consid-
erations, limitations for the maximum rod power can be derived, 
see Table G.3.II. Of course, this compilation is based on some 
rough simplifications. 
The heat transition between fuel and clad is mostly a complex 
process (only at a completely metallic contact the conditions are 
more simple). This transition is described in approximation using 
the heat transition coefficient ßFC: 
with T F,s 
Tc . 
'l 
temperature on the fuel surface, 
temperature on the inner clad surface. 
Rough figures for the heat transition coefficient are given in 
Table G.3.III. 
The radial temperature decrease within the clad is expressed by 
(provided the wall thickness is small compared to the pin 
diameter) : 
with 
2 7T 0 k c X = 
.Q.n (rc 0/rc .) I I l 
A 
average thermal conductivity of cladding, 
~ clad radius outside, inside 1 rC,O' rC,i 
TC,O' TC 1 i 
~ clad ternperature outside, inside. 
Due to an internal gas pressure p there are established stresses 
in the cladding. It is to be distinguished between 
p • rc . 




p • rc . 
the axial stress cr = ll a 2s 
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These relations correspond to the "vessel formula" and are 
applicable only at a small wall thickness s. Above that, there 
are thermal stresses and evt. mechanical stresses caused by 
interaction with the fuel. The cladding of a pin may also be 
burdened mechanically by a coolant outside pressure (e.g. in a 
PWR). Such external forces may lead to creep buckling damages. 
Table G.3.I: Definitions for Pin Design 
Term Symbol Dimension 
Linear Rod Power X W/cm or kW/m 
Specific Power, in relation to W/g fissionable material 
fissionable material amount 
bf. lS 
Specific Power, in relation to 
fuel amount bf W/g fuel 
Fissionahle Material Density Pfis g fissionable mat./cm
3 
Fuel Density Pf g fuel/cm
3 
Linear Density of Fuel L g fuel/cm 
Table G.3.II: Linear Rod Power Ranges for Fuels in Cylindrical 
Geometry 
Temperature Range Average Maximum 
outside inside Thermal Linear Rod Power Conductivity 
T (°C) T. (oC) k (W/m K) Xmax (W/cm) a 1 
U-Metal 300 600 35 1200 
uo 2 400 2000 3 600 
uo 2-Puo 2 700 2500 3 570 
UC-PuC 800 1600 17 1700 
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Table G.3.III: Heat Transition Coefficients 
100 ]Jm He-Gap 
' 
Contact at He-Bonding 
100 ]Jm Na-Gap 











Fig. G.3.1: Radial Temperature Distribution in the Fuel 
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G.4. Specifications for Pin and Bundle 
The technical specifications for the fuel pin comprise statements 
on fuel, on cladding, on internal structure and on the whole pin 
itself. A further very important part refers to the bundle with 
statements on the bundle design and bundle structure. 
In Table G.4.I we have compiled a more detailed list according 
to this scheme. At all numerical data the corresponding toler-
ances are most essential. Furthermore, one has to pay attention, 
that all specifications are consistent and complete. It is ad-
visable to include statements on fabrication methods, test 
methods, test volume as well as on designation and packaging, 
in addition to the bare materials specifications. Finally, it 
is often agreed, what paperwerk and test certificates are to be 
supplied at delivery. 
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G.5. A Typical Fabr.ication .Routine 
In the course of the fabrication of fuel elements, the fuel and 
the structural parts for pin and bundle are at first manufactured 
and supplied. For pin compilation the cladding tube is closed on 
one side by welding an end cap and then filled wi th fuel pellets 
tagether with additional parts of internal pin structure. Before 
closing the pin, a thorough rinsing with inert gas takes place. 
Finally the pin is closed by a second end cap welding. 
The spacer grids and support rods are fixed tagether forming the 
bundle skeleton, in which the finished fuel rods are inserted. 
Finally the bare bundle is mounted into a wrapper tube (if appli-
cable) . 
In Figure G.5.1 such a fabrication procedure for PWR fuel elements 
is outlined. Actually, there are by far more single steps. Espe-
cially the intermediate and final tests require very much effort. 
In this context all measures for quality control and assurance 
are to be considered, mainly those, which are carried out in 
preceding and parallel actions. 
There is a great difference between fabrication in laboratory 
scale and an industrial production. The latter uses increasingly 
procedural steps that are partly or even fully automized,especially 
at the quality control. For the fabrication of Pu-containing fuel 
pins the incentive for automization is particularly large, because 
























Fabrication of Fuel 
Elements for PWR 
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H. THE FUEL ELEMENTS IN RESEARCH AND POWER REACTORS 
H,l FUEL ELEMENTS FOR co2-coOLED REACTORS 
H,2 FUEL ELEMENTS FOR LIGHT WATER REACTORS 
H,3 FUEL ELEMENTS FOR HEAVY WATER REACTORS 
H.4 FUEL ELEMENTS FOR FAST BREEDER REACTORS 
H,5 FUEL ELEMENTS FOR HIGH TEMPERATURE REACTORS 
H,6 PLATE-TYPE FUEL ELEMENTS 
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H.l. Fuel Elements for co 2 ~cooled Reactors 
There are two different fuel pin types to be distinguished, 
namely 
pins with natural U-metal as fuel and a cladding made from 
a Mg-alloy, 
pins with enriched U in the form of uo 2 and a stainless steel 
cladding. 
The first mentioned pins are used in the core of gas-graphite-
reactors (GGR), as they are constructed since 1957 in Great 
Britain (Calder Hall was the first one!) and also in France. The 
pins with enriched urania beleng to a concept with higher co 2-
temperature, called "Advanced Gas-cooled Reactor" (AGR). Seme 
of the design data for both concepts are brought in Table H.l.I. 
For the "magnox-pins", the large fuel diameter is characteristic 
as well as the extensively roughened clad surface with cooling 
fins. Seme of these about 1 meter long pins are positioned one 
above the other in a coolant channel of the graphitebleck that 
forms the reactor core. The achievable burnup throughout is quite 
small. There are existing a variety of differently detailed 
designs. Two of them are demonstrated in Figure H.l.l. There are 
also tube-type U-metal pins, e.g. in French designs. 
The AGR fuel pins are very much thinner; they are always assembled 
in bundles. The fuel element of the AGR Windsaale e.g. contains 
21 pins positioned in two rings and surrounded by a graphite 
wrapper tube. The newer unproved design provides three circular 
rings with a total of 36 pins in the bundle. An example is given 
in Figure H.l.2 demonstrating the fuel element for a British AGR-
power plant. In every single cooling channel of this reactor 8 
such fuel elements are positioned above each other. 
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- 133 -
H. 2. Fuel Elements for Light .Water Reac.tors 
Both variants of the commercialized light water reactors, the 
PWR and the BWR are equipped with quit~ thin fuel pins which 
are assembled to bundles with a square cross section. Typical 
design data are compiled in Table H.2.I. Both the pin concepts 
include a slightly enriched uo 2-fuel (U-235 content 2.5 - 4 %) 
and cladding from zircaloy. Some particulars of the pin design 
can be realized in Fig. H.2.1. Both reactor types operate under 
very high coolant pressure, the PWR at ca. 150 bars, the BWR 
at ca. 70 bars. In order to prevent creep buckling caused by 
external overpressure, the PWR pin design provides now an initial 
internal gas pressure of - say - 25 bars. 
The bundle designs for each of the LWR-types is specifically 
different. The PWR fuel element in its square cross section 
includes 15 x 15 to 18 x 18 pin positions, a maj6r nurober of 
which being occupied by guide tubes for control rods. This fuel 
element wears no wrapper tube. Being completely open, the heat 
exchange also in radial direction is facilitated. 
The BWR fuel element contains by far fewer pins according 
designs from 6 x 6 to 8 x 8 positions. The element is surrounded 
by a wrapper. The layout and dimensions including some details 
are shown in the drawings of Figure H.2.2 and the accompanying 
Table H.2.II. In the PWR bundle the spacer grids are fixed and 
positioned by the control rod guide tubes, in the BWR bundle 
this fixation is performed by an empty pin, the socalled "water 
pin". 
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Table H.2.I: oo 2 Fuel Pins for Light Water Reactors 
(typical design examples) 
.PWR BWR 
Pin Diameter (mm) 10.75 12.5 
Pin Length (mm) 4400 4100 
Pin Arrangement .16xl6 8x8 
Cladding 
Material Zircaloy-4 Zircaloy-2 
Wall Thickness (mm) 0.75 o. 85 
oo 2-Fuel in Pellets 
Density ( g/cm3 ) 10.3 10.4 
Dishing on both sides on both sides 
Diametral Gap ( flm) 'V200 'V200 
Linear Rod Power 
Average (W/cm) 210 180 
Maximum (W/cm) 450 440 
Maximum Clad Temperature (OC) 340 370 
Maximum Local Burnup (MWd/kg 0) 'V45 'V45 
Table H.2.II: Structural Data of LWR Fuel Elements 
PWR BWR 
of class of class 
1300-MWe 900-MWe 
Pin Array 16 X 16 8 X 8 
Fuel Pin (No.) 236 63 
Control Rod Guide (No.) 20 -
Water Pin (No.) - 1 
Spacer (No.) 9 7 
Pin Length (mm) 4407 4088 
Active Length (mm) 3900 3760 
BE Total Length (mm) 4.8.3 5. 4470 
Fig. H.2.l: 


























Fig. H. 2. 2: Design of Typical LWR Fuel Element 
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H.3. Fuel Elements for Heavy Water Reactors 
The first heavy water reactors were designed for research purposes, 
e.g. the NRX in Canada and the FR 2 in Karlsruhe/Germany. The fuel 
pins for the first cores of the FR 2 were quite thick rods of 0-
metal canned with aluminum. 
Heavy water reactors for power plants have fuel pin bundles con-
taining oxide pins with zircaloy cladding. In the prototype reactor 
MZFR in Karlsruhe as well as in the Atucha power plant in Argentine 
the bundles are vertically positioned in the core. Parallel to this, 
there is anal ternate design, the CANDO type, , where the bundles are 
horizontally arranged. Table H.3.I contains a data list of the 
different fuel pins. The drawing of a MZFR-bundle is presented in 
Figure H.3.1, of an Atucha-bundle in Figure H.3.2 and of a CANDO-
type bundle in Figure H.3.3. 
Table H.3.I: Fuel Pins for Heavy Water Reactors 
MZFR ATOCHA I CANDO 
Karlsruhe Argentine Canada 
Pin Diameter (mm) 11.7 11.9 15.2 
Pin Length (mm) 1845 ca. 5400 495 
Pin Arrangement 37 pins in 36 pins in 19 pins in 
ring element ring element ring element 
Fuel 
Material 00 002 002 
Form peilets pellets pellets 
Density 10.6 10.4 10.4-10.7 
Clad 
Material Zircaloy-2 Zircaloy-4 Zircaloy-2 
Thickness (mm) 0.6 0.5 0.38 
Linear Rod Power 
Average (W/cm) 116 218 200 
Maximum (W/cm) 360 575 500 
Maximum Clad Temp. (0 c) 306 323 302 
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8.4. Fuel Elemen~for Fast Breeder Reactors 
The fuel pins in fast breeder fuel elements contain in addition 
to the fuel zone axial breeder zones and a fission gas plenum. 
The volume of this plenum is nearly as large as the fuel volume, 
so that the fission gas pressure buildup can be limited to 
acceptable values also at high burnups typical for fast breeders. 
The pin layout of the diverse development groups is quite similar, 
see the comparison in Figure 8.4.1 and Table 8.4.I. 
Nevertheless there are essential differences in some details, e~g. 
in the distribution of the axial pin zones. The main portion of 
the gas plenum is positioned either at the bottarn (coolant entrance) 
or at the top of the pin (hat end) . P8ENIX and PFR include only 
the lower breeding zone within the pin, while the upper axial 
breeder blanket is formed by separate breeder elements. In the 
Russion prototype BN-350, the pin contains only fuel. In the 
American test reactor FFTF, the axial breeder is replaced by 
reflector material. 
The fuel pins in all reactor designs are assembled to hexagonal 
bundles. For the pin spacing either spacer grids or spiral wires 
are used. Such spiral wires surreund every single pin and 
support each other. 
In all fast breeder pins up to now oxide fuel is provided and 
actually used, in most cases uo 2-Puo 2-mixed oxide. This fuel is 
basically similar to the uo 2-fuel of LWR. The fuel density is 
somewhat lower. The pin diameter is considerable smaller, so that 
there is an essentially increased specific power in the fuel at 
about the same linear rod power. 
The actual design of the SNR-300 pin and bundle is given in the 
Figures 8.4.2 and 8.4.3. This fuel element belongs to the German-
Belgien-Dutch fast prototype reactor in Kalkar, the first version 
Mark Ia for the first core having a pin diameter of 6 mm. 
Advanced pin developments which are listed in Table 8.4.II aim for 
larger pin diameters with oxide fuel and also for carbide fuel. Fuel 
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elements with carbide fuel promise a distinctly increased linear 
rod power as well as a higher breeding ratio. The fast reactor 
variant with He-cooling employs a quite similar pin design, the 
clad temperatures to be expected is, however, considerably higher. 
Table H.4.II: Pin Concepts for Advanced Fast Breeders 
Na-Cooled Fast Breeders Pins for 
SNR-300 Pins with Pins with Helium-Cooling 
Mark Ia Larger Carbide Diame.ter Fuel 
Fuel uo 2-Puo 2 uo 2-Puo 2 UC-PuC uo 2-Puo 2 
Clad s.s. s. s. s. s. s. s. 
Pin Diameter 6 .o 7.6 8.5 8.2 (mm) 
Max. Lin. 
Rod Power 
(W/cm) 355 450 800 430 
Max. Clad 
Temperature 
(Oe) 620 620 620 630 
Max. Burnup 
(MWd/kg M) 85 100 100 100 
Possible Finned Na-bonding Carbide Fuel, 
Variants Tubing Fission Gas 
Release 
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H.5. Fuel Elements for High Temperature Reactors 
The helium-cooled High Temperature· Reactors (HTR) employ graphi te 
as a moderator. Therefore, it is obvious to use graphite as temper-
ature-resistant cladding material, too. There are two fuel element 
designs essentially different in geometry: The ball-shaped "pebbles" 
and the block element. Both element designs use coated particles 
with uo 2 or uc 2 as fuel carrier. In addition to this ceramic fuel 
(mostly highly enriched), there are also pure breeder particles, 
e.g. containing ThC 2 , in use. 
The pebble element, as it was developed in Germany for the pebble 
bed reactor (AVR Jülich, THTR Schmehausen), is a 60 mm ball diameter, 
the thickness of the fuel-free graphite shell being 5 mm. The inte-
rior of such a pebble contains fuel particles with highly enriched 
U and also breeder particles. One pebble contains about 1 g U-235 
and 10 g Th. 
There were different ball designs continuously developed, see 
Figure H.5.1. The firstdesignwas a hollow ball, in which coated 
particles homogeneously mixed with graphite powder were filled. In 
an advanced type the fuel particle~ are glued to the internal 
surface of the ball, the hollow space being filled up with graphite 
powder. The final standard design is fabricated by isostatic 
pressing. In this process the core of the ball containing fuel 
particles and graphite is prepressed, then surrounded by a fuel-
free graphite shell and pressed for a second time. A final heat 
treatment produces a compact binding of the ball. 
The block element developed in USA is a prismatic graphi te block 
with hexagonal cross section, see Figure H.5.2. In this block, 
there are numerous longitudinal channels alternately for particle 
fuel and for cooling purposes. In the American HTR in Fort St. 
Vrain six such block elements are stacked in a core position. The 
fabrication of the elements is performed by machining of graphite 
blocks or by a powder-press process similar to the pressed ball-
type element. 
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The function of the. graphite in the HTR elements is limited to 
the mechanical configuration and strength and to the heat 
transition from the fuel particles to the coolant. gas. The 
tightness against fission products is already guaranteed by the 
coating of the particles. Special care at the fabrication is to 
be expended, in order to keep the. graphite mantle free of heavy 
metal, otherwise during reactor operation the coolant will be 
contaminated by fission products. 
Fig. H.S.l: 
Fig. H.5.2: 
Ball-shaped Fuel Element for HTR 
a) Hollow ball element with homogeneously 
distributed fuel particles · 
b) Hollow ball element with particles glued 
on the inner surface 
c) Isostatically pressed ball element 
Hole for Handling 
coolant Channel 
Fuel Channel 
Cross Section of the Block-Element of HTR Fort 
St. Vrain (Longitudinal Dimension 792 mm) 
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H. 6. Plate-Type Fu.el Elements 
In a plate-type fuel element a quantity of single fue1 plates is 
combined to a bundle. Such a geometry makes possible a very 
intensified cooling, because the relation between cooling surface 
and fuel volume becomes more favourable. Therefore, this fuel 
element type is especially suitable for thermal high flux reactors 
and material test reactors (MTR) . A typical design of a MTR element 
is shown in Figure H.6.1. In this design, 19 somewhat curved fuel 
plates are assembled to a bundle with square cross section, spaced 
by side support plates and completed by head-and footpieces.Another 
design is demonstrated in Figure H.6.2 representing a fuel element 
of the Belgian test reactor BR 2. Here 18 fuel plates are curved 
forming a concentric ring element with a central irradiation 
channel of very high neutron flux. 
The fuel in the plates consists of an alloy or a cermet with 
highly enriched u. The plates mostly are covered with Al. The 
fabrication of such plates often is carried out applying the 
socalled "picture-frame-technique''. In this technique a plane 
fuel layer of - say - dispersion-type fuel is surrounded by an 
Al frame and then covered on both sides with an Al-sheet, Figure 
H.6.3. This arrangement is finally joined by ro1lplating at 600°C. 
Afterwards this plates (about 70 cm long, 8 cm wide and 1 mrn thick) 
are curved and fixed into the bundle structure. 
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Scheme of the Picture-Frame-Technique 
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J.l. The Different Types 
According to definition, a cycle is a closed formation. In spite 
of this logical fact, we consider in nuclear technology also an 
socalled ''open fuel cycle" as well as the closed fuel cycle. 
While in the closed cycle the consecutive steps are principally 
repeated, this continuity is not performed in the open cycle. 
The open cycle renounces the reprocessing and waste treatment. 
The finally burnt fuel elements are stored in longterm instal-
lations after some conservative measures or without any further 
conditioning. In the open cycle, no further use is made of the 
remaining fissionable and breedable nuclides in the burnt fuel. 
In practice we have to consider 3 different types of closed fuel 
cycles, namely 
the LWR fuel cycle, 
the fuel and breeder cycle for fast reactors, 
the HTR fuel cycle. 
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J.2. The U-Pu-Fuel Cycles 
The essential steps in the LWR cycle - see Figure J.2.1 - are 
the conditioning of fuel source material, the U-235-enrichment, 
the fuel element fabrication, the burnup in the reactor core and 
the reprocessing. This cycle is connected to the outside via the 
U recovery and ore treatment, via the delivery of depleted U and 
of produced Pu and via the delivery of radioactive waste. In the 
special case of a ''Pu recycling regime" no Pu is delivered to the 
outside. The gained Pu replaces partly the enriched U in new fuel 
elements. All these steps are to be connected by transport actions, 
unless there are some steps "collocated". 
The cycle scheme for a fast breeder comprises two separate cycles, 
see Figure J.2.2. The specific fuel cycle and the breeder cycle 
are in contact within the reactor core. Feed material from outside 
is only U-238 (e.g. as depleted U). Delivered to the outside is 
surplus Pu and radioactive waste. 
Both cycles,the LWR-cycle and the FBR-cycle base on the U-Pu-chain. 
Their features are similar. Major differences are in that the FBR 
fuel has higher Pu-content and higher burnup. On the other hand, 
the FBR cycle do not need U enrichment. In a commercialized power 
reactor economy of the future, the single steps of a fuel cycle 
are not established separately for every reactor. They are collected 
into enrichment facilities, fuel fabrication and reprocessing plants. 
A special connexion between LWR- und FBR-cycle exists in the depleted 
U, which is of no value for the LWR, but can feed the FBR exclusively. 
The practical realization of the steps in the U-Pu-cycles is very 
advanced. The fabrication of oxide type fuel is carried out in 
large technical scale. For the chemical reprocessing the PUREX 
process is applied world-wide. Also the large scale waste treatment 
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J.3. The HTR-Fuel Cycle 
The HTR-fuel cycle based on the Th-U-chain is dernonstrated in 
Figure J.3.1. For the reprocessing of the burnt fuel the so-
called ''THOREX"-process is applied. This process is schernatically 
very sirnilar to the PUREX-process but there exists rnore or less 
no larger technical experience. A rnajor problern is the headend, 
where the large portians of carbon (as graphite and PyC) have 
to be rernoved, e.g. by burning. The prirnary fabrication of HTR 
fuel is well established. There rnay arise an increasing problern 
at repeated refabrication: Besides of the regular breeding result 
U-233, there is also sorne U-232 produced in a side reaction. This 
isotope as an irnpurity causes a very hard y-radiation, so that 















Fig. J.3.1: The Fuel Cycle for High Temperature Reactors 
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J.4. Cost Considerations 
The costs of the fuel cycle amount to a portion of - say -
30 % of the total electricity costs of a nuclear power plant. 
As a very rough estimate for LWR power plants the following 
relative cost distribution may be a base for discussion, see 
Table J.4.1. In this consideration the recycling of Pu is not 
taken into account. The Pu recycling may lead to some reduction 
of the total sum by - say - 10 %. But this is still open to the 
future, it mainly depends on the handling and fabrication penalty 
for Pu. 
The comparison of the single cost contributions show that the 
supply of natural U and the enrichment amount to about half of 
the total sum. The further development of these cost ingredients 
decides, if and when Pu-recycling in LWR and full use of U in 
FBR will become economical in large scale. 
Table J.4.I: Cost Distribution in the LWR-Fuel Cycle 
Cost Portion 
% % 
Uranium Supply 30 <;=-25- Yellow Cake 
5- Conversion to UF6 
Fabrication 35 c25- U-235-Enrichment 
)--10- BE-Fabrication 
~20- Reprocessing 
Reprocessing and 35 10-r-waste Treatment 
Waste Disposal 
r-- 5- Final Storage 
Fuel Cycle 100 
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K.l. Definition and Purpose 
The goal of modeling treatment of a fuel pin is to describe 
theoretically the overall behaviour in the course of scheduled 
and also non-scheduled reactor operation as well as the detailed 
behaviour of the pin components. Especially, there are to be 
investigated such quantities that are important as criteria for 
economic and safe operation, like temperature distribution, 
migrational effects, deformations, stresses and strains. The 
comparison of such calculational results to established failure 
limits may lead to maximum tolerable operation conditions. The 
problern definition of modeling is schematically demonstrated in 
Figure K.l.l. Principially it could be expressed by the following 
equation: 
< L = f (A,B,M) = S 
The symbols L, A, B. M and S represent groups of parameters,namely: 
L Load quantities 
A Design parameters 
B Operation conditions 
M Material quantities 
S Failure limitations 
These parameter groups are detailed to some extent in Table 
K.l.I. 
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Table K.l.I: Parameter Groups in Modeling 
Materials Composition 
Design State of Fabrication 
Parameters A External Geometry 
lnternal Geometry 
etc. 
Linear Rod Power 
Operation Neutron Flux 




Material Heat Transition Fuel I Clad 
Quantities M Swelling Behaviour 
of Fuel and Clad Pore Migration 
Fission Gas Release 
etc. 
Tamperature Distribution 
Load Stresses and Strains 
Quantities l Material Distribution Corrosion Attack 
etc. 
Allowable Maximum of 
Failure - Tamperatures 









Scheme of Fuel Pin Modeling 
s 
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K.2. The Structure of Fuel Pin Codes 
The mathematical description uses as a basis physical laws and 
empirical relationshi~concerning the mechanical, physical and 
chemical behaviour of the pin components. All these features 
are connected within a computer code. In a socalled "analytical 
code" everything is expressed in a comprehensive matrix of 
analytical equations. If e.g. you want to know the cladding hoop 
stress at 5 % burnup at the position of coolant exit, you have 
to feed in the numerical values of all parameters and get the 
desired result by analytical dissolving the applicable set of 
equations. 
This analytical procedure would be scientifically satisfying, 
but is not practicable due to the tremendous complexity of the 
problem. Only in very simplified cases it could be applied. 
The normal way of modeling is establishing a "numerical code''. 
A practical approach for solution is to separate the space struc-
ture and time structure within the formalism. This means that the 
pin lifetime is divided into consecutive time intervals following 
each other stepwise. For each of these time steps a thermomechan-
ical calculation, including all space induced influences, is 
carried out. 
To treat the space structure, different methods are applicable, 
namely 
fully analytical procedures, 
partially analytical methods with iterative corrections, 
finite element methods. 
It is clear that the mathematical tools for these different 
modes of treatment are quite different. Mostly, combinations 
are applied, e.g. an analytical term for a special volume 
element is iterated with respect to time. 
The equations and terms in the fully analytical procedures describe 
completely the thermomechanics including all geometrical quantities 
and the motion and segregation of material components. The partially 
analytical methods - which are by far more applied - take into 
account the fact that all analytical work is an approach that needs 
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corrections, and these corrections are performed by iterations. 
The finite element method is also an analytical tool allowing to 
' treat geometrical sections of the pin consecutively which are 
interconnected by boundary conditions. The different methods of 
dealing with the space structure must be adapted to the single 
problem. As shown in Table K.2.I, the analytical procedures are 
mainly applied to symmetrical problems, while finite element 
m~thods have their domain in non-symmetric configurations. 
The time structure is demonstrated in the scheme of Fig. K.2.1. 
Each state L +l is produced by the preceding state L using n · n · 
analytical relations and approximations. In order to achieve a 
requested accuracy, the results obtained for each time step are 
iterated until they become consistent. The time intervals may be 
different in their lengths. In steady state operation the changes 
within the pin are small and lang time steps are sufficiently 
accurate. For startup or power cycling periods and especially for 
transient conditions the time intervals must be chosen to be 
sufficiently short. 
As an example the SATURN-1 code, which was developed for fast 
reactor pins, is presented. In this code, the schematic diagram 
of Fig. K.l.l was implemented by most of the essential phenomena 
of mixed oxide fuel and stainless steel cladding. The structure 
diagram of this program, which postulates axial symmetry, is 
shown in Fig. K.2.2. One realizes that there are some iterative 
loops in the course of calculation. In SATURN-1 cracked and plastic 
fuel is dealt with by using a simplified "plane stress" approach. 
Geometry changes occur areund a reference point or line which 
coincides with the center or center line of mass of coherent 
parts of the fuel pellet. 
The problern of cracking and crack healing of oxide fuel pellets 
has been solved in the SATURN-1 code system by a first simple 
approximation. The fuel pellet is assumed to crack when the hoop 
stress in a fuel zone exceeds the fracture strength. It forms 
so many cracks that volume changes can take place free of stress. 
Crack healing is allowed due to thermal expansion and swelling, 
respectively. When the cracks have been healed up to a certain 
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boundary, the fuel is assumed to be capable of being stressed 
and mechanical analysis is resumed. The model applied in SATURN-1 
to calculate geometry changes of a cracked fuel pellet includes 
the effect of radial relocation on power cycling. 
Table K.2.I: Treatment of the Space Structure 
SUBJECT METHOD· Al ready 
.T.ested 
Fuel Pin, axially symmetrical Analytical Method X 
r-Geometry Iteration X 
r-z-Geometry 
Fuel Pin, non axially Analytical Method X 
symmetrical 
r-'f- Ge.ome try Finite-Element-Method X 
Spacer Finite-Element-Method X 
Wrapper Tube Finite-Element-Method X 
Total Subassembly Finite-Element-Method 
to t, t2 
Time t ll.t1 ll.t2 ll.t3 
State L 
La L1 L2 
dL 
Ln+1 = Ln + ( dt )t ll.t 
t Iteration t 
Fig. K.2.1: Time Structure in the Computer Code 
t ------ t 3 p-1 
ll.t 
------











Initial values for the time interval 




. rmal expansion 






Elastic- swell-J J 
creep-mechanics 
of clad and fuel 







'-------~Final state of time interval 
Fig. K.2.2: Structure Diagram of SATURN-1 
General 
- 166 -
K. 3. Review of Fuel Pin Codes 
In order to demonstrate the details bf a code to some more 
extent, a review of fuel pin codes is brought in a comprehensive 
Table K.3.I. (This compilation is of 1976, meanwhile some progress 
especially in transient codes is achieved) . All important features 
are listed. 
None of the different codes considered includes everything. It 
should be mentioned, however, that every additional approach to 
ideal complexi~y requires more computer calculation time and 
causes more difficulties in handling such a code. 
Table K.3.1: Review of Fuel Pin Codes 
tJj fJ) fJ) Cl H () "l tJj () ö "l 1:"' 
~ II" II" ~ II" 0 ~ pj >< pj :.: H 
pj .., .., II" :.: :.: Cl lll t;) "l 0 "l 
Code Name ö t:l Cl z tJj pj :.: II" ~ ·0 tl t<l II" ~ ~ Cl Cl .., 
"' 
<1 0 ~ t<l I 
z z fJ) fJ) 111 t<l :.: 1:"' H 
I I t<l H 
.... w H 
... . .. ~ 
Applicable to pin cross section X X X X X X X X X X X X 
to total pin 0 0 X X X 0 0 X 
to steady state conditions 0 X X X X X X X X 0 X X 
Applicable to ramps and power cycling 0 X X X X X X 0 X 
to transient conditions X 0 0 0 0 X X X X 
- LWR oxide pins 0 X X X X X X 0 0 
Pin Type - FBR oxide pins X X X X X X X X X X X X 












characteristics Axial symm~try X X X X X X X X X X X X X 
Stress-strain - plane strain X X X X X .X X X X X X X 
Conf igura tion 
- plane stress 0 X X 0 X X 0 
Axial coupling 0 0 X X X 0 X 0 0 
Radial modeling zones in fuel 3 3 1 20 X 1 2 3 
Radial calculational mesh points X so 30 200 X so X X 
Axial zones in fuel 10 X 20 30 X X 21 
Numerical iterative 0 X 0 0 X 0 0 0 0 0 X ·o 
Mathematical Analytical iterative X 0 X X 0 X 0 0 X 0 0 01) 
Methods Finite differences 0 0 0 0 0 0 0 0 0 X 0 0 
Finite elements 0 0 0 0 0 0 X X 0 0 0 0 
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Table K.3.1: Continuation 
bJ (/) (/) Q H (") "l bJ (") 0 "l t-< (/) 
:0 !t' !t' :0 !t' 0 :0 l:>l t< l:>l :;:: H H 
l:>l 1-l 1-l !t' :;:: ~ Q nl G) "l 0 "l l:>l 0 Q Ci z bJ :;:: !t' :0 0 0 l:>l X 
!t' :0 :0 Ci Ci 1-l 
"' 
<: 0 :0 l:>l I Code Name z z (/) (/) nl l:>l :;:: t-< H 
I I l:>l H 
-
w H 
Thermal expansion ){ ){ ){ ){ ){ ){ ){ ){ ){ ){ ){ ){ ){ 
Fuel Mechanics Creep 0 ){ ){ ){ ){· ){ ){ ){ ){ 0 ){ ){ 0 
Take into Plastic flow ){ ){ ){ ){ ){ ){ ){ ){ ){ ){ 0 
Account Hot pressing and sintering 0 0 0 ){ ){ ){ 0 ){ 0 0 ){ 0 
Swelling 0 ){ ){ ){ ){ ){ ){ ){ ){ ){ ){ ){ ){ 
Crack formation and healing 0 ){ ){ ){ ){ ){ ){ ){ ){ 0 ){ 0 
-
Pore migration 0 ){ ){ ){ ){ I ){ ){ ){ 0 ){ ){ 0 
Fission gas release 0 ){ ){ X X X X X 0 ){ 
Migr.>tion and 
oxygen redistribution 0 X 0 0 0 X 0 0 X 0 0 
Segregation of Pu migration 0 X 0 0 0 0 0 0 X 0 0 
Fuel Components Fission product migration 0 0 0 0 0 0 0 0 0 0 0 
Axial transport 0 0 0 0 0 0 0 0 0 0 0 
Radial interaction X X X X X X X X X X X X X 
Fuel/Clad Axial interaction, friction 0 0 X X X X 0 X 0 
Interaction Fission ga~ pressure buildup X X X X X X ){ X 0 X 
Inner corrosion 0 0 0 X X 0 0 0 0 0 
Thermal expansion X ){ X X X X X X X X X X X 
Clad Mechanics Creep 0 X X X X X X ){ X 0 ){ X 0 
Take into Plastic flow X X X X X X X X 0 0 
Account swelling 0 X X X X ·X X X X 0 X X X 
Cerrasion X 0 0 X X 0 0 0 0 0 
Fuel thermal conductivity X X X ){ X X X X ){ X X ){ X Temperature 
Calcula t hns Heat transfer in fuel/clad gap 0 X ){ X X X X X X X X X 
Take into in contact zone 0 X X X X X X X X X 
Account Clad thermal conductivity X X X X X X X X X X X X X 
Clad/coolant heat transfer 0 0 X X 0 X 
- -. 
Ex ternal a11d Time X X X X X X X X X X X X X 
External Linear rod power X X X X X X ){ X X X X X X 
Cantreling Para- Tamperature X X X X X X X ){ X X X X X 
meters for the Neutron flux 0 ){ X X X X X X X X 
Caleula t inn NeUtron fluence 0 X X X ){ X X X ){ X X 
Fuel burnup 0 X ){ X X X X X 0 X 
Tamperature profiles 0 X X X ){ X X ){ 0 X X X 
Clad stresses ){ X X X ){ X X ){ X ){ X X 0 
Fuel/clad contact pressure ){ X X X X X X X X X X X X 
Fission gas pressure X X X X X X X 0 X 
- pin diameter X X X X ){ X X X X X X X X 
Clad strain 
- pin length 0 0 0 X X X X 
Calculational Fuel/clad gap width X X X X X X X X X X X X 
Output Gas composition 0 ){ X X X X 0 X 
- structure zones X ){ X X ){ X X X X X ){ 
- porosity distribution 0 X X X X X X X X 0 X 0 
Fuel - crack distribution 0 X X X X X X X 0 0 
structure - Pu distribution 0 X 0 0 0 0 0 0 0 
- O/Me distribution 0 X 0 0 0 0 0 0 
- fission product distrib. 0 0 0 0 0 0 0 0 
Fallure Criteria / Darnage Limits included X 0 0 0 X X X X X 0 
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PARTE III: 
Desechos nucleares: un problerna de materiales 
(Nuclear Waste Materials) 
G. Ondracek 
(Traducci6n U. Röser) 
1 
Sumario 
El objeto de este estudio sumario es tratar en tres partes 
- la caracterizaci6n y el almacenamiento de desechos radi-
activos de actividad alta 
- la estructura de em.balages de desechos (~ producto + envuelta) 
- la tecnologia de los embalajes de desechos (formas de 
almacenamiento) 
asi como sus conexiones. No intentamos comunicar datos 
especiales para condiciones especificas, por los cuales les 
recomendamos la literatura indicada. 
En la primera parte de este trabajo damos una exposici6n 
sobre la formaci6n de los desechos raGiactivos de actividad 
alta y su caracterizaci6n. La discusi6n de las posibilidades 
para su aislamiento permanente o a largo plazo respectivamente 
de la biosfera nos lleva a formaciones geologicas continenta-
les como instalaciones de almacenamiento definitive. En el 
caso de la Republica Federal de Alernania estas son formaciones 
de sal gema, cuyas condiciones de estado y sus modificaciones 
debido a la introducci6n de embalajes de desechos altamente 
radiactivos definen las exigencias minimas que tienen que 
cumplir las estructuras de las formas de almacenamiento que 
convienen para el almacenamiento definitive. 
En la segunda parte tratamos esta estructura de embalajes 
posibles de desechos (~ producto de almacenamiento definitive 
+ envuelta) del sistema de barreras multiples. Se comparan 
vitrios, supercalcinados, titanatos y Synroc como alternativas 
en cuanto a su equilibrio termoquimico interior y exterior 
(formaci6n de fases, cristalizaci6n, reacciones de superficie 
limite, corrosion y lixiviaci6n, estabilidad mecanica). 
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Por fin se discute en la tercera parte el tratamiento tecno-
logico de fundici6n y de polvos de los desechos para la 
fabricaci6n de embalajes de desechos, con respecto al condi-
cionamiento casi homogeneo asi como heterogeneo del desecho 
altamente radiactivo fijado en vidrio, supercalcinados o 
Synroc. 
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I. Caracterizaci6n y almacenamiento de los desechos de 
actividad a.lta 
I.1 Formac:i,.6n y composici6n de los desechos de actividad alta 
Para la producci6n de energia nuclear, el combustible nuclear 
se consume en los elementos combustibles de los reactores 
nucleares. Las medidas necesarias para el tratamiento del 
combustible consumido se llaman gesti6n de los desechos 
(Fig. I.1). Corno el combustible consumido de un reactor de 
agua ligera se compone en gran parte de uranio y plutonio 
recuperables (~ 95% en peso), se lo reelabora. Para ello, se 
cortan las agujas de combustible, almacenadas provisional-
mente despues de extraerlas del reactor nuclear, y se disuelve 
el combustible en acido n1trico (Fig. I.2). Por adici6n de 
tributilfosfato (TBP) se puede extraer casi completamente 
(~ 99%) el plutonio y uranio (relaci6n Pu/U ~ 1 :100) conte-
nidos en el combustible consumido (proceso PUREX) , y se puede 
recuperarlo para el aprovisionamiento del reactor nuclear 
(ciclo del combustible, Fig. 1,2). En el desecho radiactivo 
. ; que sobra (Radwaste) algunos componentes 1nsolubles, de mas 
baj a actividad, forman los lodos activados de alimentaci6n que son 
- junto con los fragmantos de vainas de zircaloy no solubles -
el desecho de actividad media (Medium Activity Waste, MAW), 
mientras que a partir de los desechos altamente radiactivos 
(High Activity Waste = HAW) los productos de fisi6n gasei-
formes (que corresponden juntos a aproximadamente 15-20% en 
peso; p. ej. Kr, Xe, J, Br, ~H) se escapan y tienen que 
recojerse en filtros. Aqui se tiene que prestar atenci6n 
especialmente al yodo 129 aun en concentraciones minimas, 
porque tiene un periodo muy grande {> 107 anos). Por ello, 
durante grandes espacios de tiempo, pequenas cantidades por 
unidad de tiempo pueden acumularse en la atm6sfera a canti-
dades que tienen una radiactividad no despreciable. El 
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Level Liquid Waste = HLLW) [50] puede denitrarse, secarse en 
el aire y con esto parcialmente oxidarse y de este modo dar 
lugar al desecho s6lido de actividad alta (High Level SolidF 
ified Waste = HLSW) . Este se compone de tres grupos de mate-
ria [116] que son: 
- productos de fisi6n s6lidos (nucleidos provenientes de la 
fisi6n nuclear sin gases de fisi6n) 
los actfnidos (uranio y plutonio no extraido asi como 
elementos transuranicos formados por captura de neutrones) 
- productos de corrosion y sustancias accesorias [21], que 
inicialmente no estaban contenidos en el combustible, pero 
que debido al proceso llegan a los desechos (Fe, Ni, Cr 
procedentes de componentes de disoluci6n y evaporaci6n 
de la planta de reelaboraci6n por interacci6n con HN0 3 , 
fosforo como producto de descomposici6n del TBP y gadolineo 
adicionado eventualmente al HLLW como veneno de neutrones 
para evitar la criticalidad). 
La composici6n del desecho s6lido de actividad alta depende: 
- del tipo de reactor del cual proceden los elementos com-
bustibles consumidos; estandar .: LWR = reactor termico de 
agua ligera 
- de la composici6n inicial del combustible; estandar .. uo2 
(o MOX, ver mas abajo), enriquecimiento 3,5% U-235 
- del grado de quernado; estandar .: 36.000 MWd/t ~ 3,9% 
- del momento de la reelaboraci6n despues de la descarga del 
reactor; est,ndar .: ~ io afios [28] 
- de la eficacia y del numero de los eielos de extracci6n; 
/ estandar~. = 1 
- del,"tratamiento·posterior tecnico" eventual; estandar .: 
ninguno. 
(\ /~ 
DESECHO RADIACTIVO POR-MW-ANO DE ENERGIA ELECTRICA:1,3 kg,compuesto de: 
PRODUCTOS DE FISION : 85 % en pese IB IC 1.. I~ I· 1 ..- I 
ACTINIDOS 9 % en pese 




Pb /Bi At /Rn 
FIG. I .3: COMPOSICimJ rtf\TER.IAL DE DESECHO ESTAimAR DE ß.CTIVIDAD P,LTß. 
CINDICACIONES EN % EN PESO) 
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Las "condiciones estttndar" citadas dentro del marco de este 
articulo sumario son valores de orientaci6n para los cuales 
se tienen que admitir variaciones mayores. Siempre que en el 
texto que sigue nos refieramos a un "desecho estandar", estas 
dispersiones estan implicadas, por lo que las curvas en las 
representaciones graficas muchas veces no estan representadas 
como lineas sin6 como "bandas". Las marchas- y no los valores 
absolutes - ocupan el primer lugar. 
Para un desecho s6lido de actividad alta formado bajo condi-
ciones estandar, se indica en la Fig. I.3 la composici6n 
segun los grupos de sustancias elementos, despreciando 
los elementos que tienen un porcentaje en peso muy pequeno 
(< 0,2% en peso). El empleo del combustible de 6xido mixto 
U-Pu (MOX) en lugar del di6xido de uranio no tiene ninguna 
influencia fundamental sobre la composici6n del desecho s6lido 
de actividad alta. En cambio, la fecha de la reelaboraci6n 
(10 anos despues de la descarga del reactor, para la Fig. I.3) 
es muy importante, lo que prueba p.ej. la partedel is6topo 
Am~241, al quese desintegra el plutonio 241 despues de un 
periodo de semidesintegraci6n relativamente corto (aproximada-
mente 15 anos). El americio 241 por su parte tiene un periodo 
casi 30 veces mas grande y proporciona bajo condiciones 
estandar en el desecho s6lido de actividad alta aproximada-
mente la mitad de la parte de radiactividad que el grupo 
de los actinidos contribuye a la radiactividad total (ver 
Fig. I.5). Por ello, mas pronto - y mas completamente - se 
extrae el Pu-241, mas pequena es la partedel Am-241 en el 
desecho s6lido altamente radiactivo. 
El posible "tratamiento posterior tecnico" arriba mencionado 
del desecho s6lido altamente radiactivo se refiere a con-
sideraciones de separar determinados elementos- p.ej. trans-
uranicos - y de fisionar nucleos de actlnidos con per{odos 
muy largos (~ 1o6 anos) por "transmutaci6n", es decir por 
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bombardeo neutr6nico o de transformar por captura de neutrones 
productos de fisi6n con periodos largos en is6topos pesados 
con periodos mas cortos. El cambio de la composici6n del 
desecho asi producido sirve para desplazar los periodos de los 
elementos radiactivos de tal modo que la duraci6n del aisla-
miento del desecho radiactivo de la biosfera necesaria para 
reducir loi riesgos, pueda reducirse a un valor uniforme 
(~ 1000 aiios) . 
En la fig. I.4 se ha representado la actividad termica, en la 
fig. 1.5 la radiactividad del desecho s6lido altamente radi-
activo procedente de combustible reelaborado. En el inter-
valo de tiempo de 1 hasta 10 anos la potencia termica de des-
integraci6n (y) puede representarse bien en funci6n del tiempo 
(t) por la ecuaci6n 
9,37-105 ·(t-1,83)-0 ' 858 
Yrel ~ 6,452 -0.086 
e • x 
( 1 ) 
(Magnitud de referencia: 10 anos), y en el intervalo de 
tiempo de 10 hasta 100 anos, esta potencia termica de des-
integraci6n segun la fig. 4 puede describirse aproximadamente 
por la ecuaci6n 
( 2) 
La contribuci6n de los actinidos aumenta con la duraci6n de 
tiempo tanto para la potencia termica de desintegraci6n 
(3,4% dos aiios despues de la descarga del combustible del 
reactor; 10,7% 10 anos despues de la descarga del combustible 
del reactor) como para la radiactividad. - La mayoria de los 
productos de fisi6n son emisores ß con periodos relativamente 
pequeiios (<100 aiios), la mayoria de los actinidos son emiso-
res a. Aproximadamente tres cuarto de la radi~ctividad de 
los productos de fisi6n sera proporcionada dos aiios despues 
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de la reelaboraci6n por is6topos de los cinco elementos que 
son el rutenio, radio, cesio, cerio y praseodimio, 10 anos 
despues de la reelaboraci6n por los isotopos de los cuatro 
elementos estroncio, itrio, cesio y bario, donde el itrio y 
el bario metaestable resultan como productos de desintergra-
ci6n inmediatamente del estroncio y cesio. 
I,2 Posibilidades de contenci6n durable del desecho de acti-
vidad alta: almacenamiento provisional y definitivo 
Corno lo muestran las consideraciones sobre la radiactividad 
en la parte 1, el riesgo del almacenamientö definitivo del 
desecho altamente radiactivo emana de su radiactividad. Para 
poder evaluar este riesgo cuantitativamente, se utiliza el 
indice de radiotoxicidad (fig. I.6). Establece una relaci6n 
entre el volumen de agua necesario para la diluci6n del 
desecho nuclear con la cual se obtiene la calidad de agua 
potable, y la diluci6n correspondiente (10 5 : 1) para el 
mineral uranffero natural (0,2% en peso de U) [24]. Hasta 
ahora no se sabe hasta que punto esta normalizaci6n esta 
justificada desde el punto de vista medico. 
Para eliminar este peligro se necesita aislar durante un 
periodo muy largo el desecho altamente radiactivo de la 
biosfera. El almacenamiento a largo plazo que conviene 
para este aislamiento durable puede realizarse 
- en zonas extraterrestres 
- en el hielo antarctico 
- en el fondo del mar y 
- en formaciones geologicas continentales, 
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FIG. 1.5: RADIACTIVIDAD DE DESECHO DE ACTIVIDAD ALTA 
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FIG. 1.6: INDlCE DE RADIOTOXICIDAD RELATIVA PARA 
PRODUCTOS DE FISION Y ACTINIDOS EN EL 
DESECHO RADIACTIVO /24/ 
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- de un accidente con liberaci6n de radionucleidos 
- en la via de transporte 
- durante la introducci6n al almacenamiento o 
- durante el almacenamiento definitivo 
- de una intervenci6n no autorizada especialmente durante el 
almacenamiento definitivo. 
Asi la idea simpä."tica de un 11 basurero at6mico 11 fuera de la 
tierra no se ha desvanecido hasta ahora a causa de la posible 
realizaci6n o del balance de energia (relaci6n entre la 
energia por unidad de masa de desecho radiactivo que se con-
sumir1a durante el transporte al espacio y aquella energia 
que ha sido producida por unidad de desecho radiactivo cuando 
este se form6) , sin6 a causa del riesgo de accidente ligado 
con el empleo de vehiculos espaciales en largas vias de trans-
porte [24]. 
El almacenamiento del desecho radiactivo sobre, en o bajo el 
hielo ant~rctico - en el fondo del mar - seria tambien reali-
zable tecnicamente, p.ej. por introducci6n automatica por 
fusi6n debida a las temperaturas elevadas del desecho [18, 52]. 
Pero ademas del riesgo de accidente general durante largos 
transportes, al almacenamiento definitivo sobre el hielo se 
opone ademas el problema de la protecci6n contra la inter-
venci6n no autorizada, al almacenamiento definitive en el 
hielo ~1 del riesgo de accidente aumentado debido al descono-
cimiento de los movimientos posibles del hielo durante peri-
odos mas largos. 
El almacenamiento a largo plazo parece favorecido por la 
estructura en aquellas regiones del fondo del mar que presen-
tan una estructura geologicamente muy estable de las capas 
y que coinciden ademas con regiones biologicamente poco acti-
vas. La capa superior de arcilla cubre una segunda capa de 
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sedirnentos petrificados bajo la cual se encuentra la roca de 
base de basalto. En el caso del alrnacenarniento definitive en 
la roca de base - que parece ser posible tecniQarnente en 
orificios taladrados o introducidos por irnpacto - esta capa 
forrnara junto con la capa sedirnentaria que funciona corno 
intercarnbiador de iones de alta capacidad y con la capa lirnite 
de arcilla1 un sistema de tres barreras frente al agua del rnar 
[52], que reduce el riesgo de accidente del alrnacenarniento 
definitive. Es cierto que - en el caso de la rotura de una 
barrera - se dispondria inrnediatarnente de agua corno rnedio de 
transporte rnas irnportante para la difusi6n rapida de los 
radionucleidos en la biosfera. Pero la diluci6n seria rnuy alta 
y el riesgo de accidente bajo condiciones de alrnacenarniento 
defini tivo seria ~(l!elabivarnente pequeno. El riesgo de accidente 
sobrante en largas vias de transporte junto con el hecho de 
que el fondo del rnar queda insuficienternente investigado, 
cornparado con forrnaciones geolÖgicas continentales, favorece 
hasta ahora a estas ultirnas para el alrnacenarniento definitive 
y la contenci6n del desecho radiactivo frente a la biosfera. 
En casos especiales, estas forrnaciones geol6gicas continentales 
constituyen capas de roca naturales con gran extensi6n, alta-
rnente porosas y acu!feras ("Aquifers", approx. 1000 rn de 
profundidad) o cavidades producidas "artificialrnente'', por 
"hidrofractura" ("Hydrofers", 200-300 rn de profundidad), que 
estan protegidas por capas de base y de recubrirniento poco 
permeables, tectonicarnente estables y que no cornunican con 
capas que llevan agua subterranea. Por hidrofractura se 
entiende aqui el desdoblarniento horizontal de capas de roca 
mediante lodo de arena bajo presi6n (~20 MPa) [45, 46, 52, 54]. 
Despues del desdoblarniento el lodo de arena se evacua por 
bornba, y la cavidad se rellena de una rnezcla de desecho 
radiactivo y de cernento [56]. 
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Al contrario de este almacenamiento en Hydrofers, para el 
almacenamiento en Aquifers el efluente liquide nitrico viene 
inyectado directamente (10 MPa [29, 45, 46] y es absor-
bido por la roca. 
Pero existen solamente pocas formaciones geol6gicas disponibles 
como Aquifers o que pueden desdoblarse hidrostaticamente en 
el sentido horizontal y que e&ten-aisladas de modo suficiente-
mente seguro del medio de comunicaci6n que es el agua sub-
terranea. En cambio, se dispondria de bastantes capas de roca 
de granito o sal gema que convienen para el almacenamiento 
durable de desechos radiactivos, siendo seguro que formaciones 
salinas en regiones des~rticas serian una combinaci6n casi 
ideal: "Donde hay sal, no hay agua subterranea"! Para la 
introducci6n temprana de desechos altamente concentrados de 
actividad alta en estas rocas se ha considerado la incrusta-
ci6n directa en la roca. Las capsulas que contienen el desecho, 
debido al calor de desintegraci6n, desarrollan en su superficie 
temperaturas tan elevadas (1100 K para sal; 1500 K para granito), 
"' que la roca ambiente se funde. Cuando se introducen estas cap-
sulas en perforaciones profundas, bajan por si rnisrno tras 
algunos decenios hasta profundidades de varios kil6metros, 
con una velocidad de > 100 m por ano. 
El concepto mas adaptado a la practica - porque se domina la 
tecnica minera y porque es controlable - es el concepto que 
por estas razones ha sido lo mas perfeccionado y que preve 
el almacenamiento de desechos radiactivos en sistemas de 
galerias en granito o sal (en 500-1000 m de profundidad). 
Aqui tambien no se puede excluir totalmente el riesgo de una 
intervenci6n no autorizada o de un accidente en la via de 
transporte y durante el almacenamiento definitive - pero se 
puede limitarlo. Desde el punto de vista de la organizaci6n 
y de la tecnica de la maquinaria pueden realizarse cortas 
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vias de transporte y contenedores de transporte seguros bajo 
condiciones atrnosfericas. El rnaxirno accidente previsible 
que es la penetraci6n de agua en el alrnacenarniento definitive 
durante la fase introducci6n, puede probablernente dorninarse 
por rnedios tecnicos rnineros rnediante una disposici6n especial 
de los pozos y galerias, y por la tecnica de los materiales 
rnediante ernbalajes de desechos resistentes a la corrosion 
por lo rnenos a corto plazo, es decir que no hay que contar 
con un transporte rapide de radionucleidos a la superficie. 
Asi queda finalrnente el problerna del contacto de elernentos 
radiactivos con el agua subterranea a traves de la difusi6n en 
la roca [25, 26, 57] y/o lixiviaci6n, eventualrnente corno 
consecuencia de la inundaci6n durante la introducci6n, antes 
de lograr una duraci6n de alrnacenarniento definitive segura 
para este acontecirniento (>1000 anos) [6, 33, 37, 40, 43]. 
Se tiene que prevenir este riesgo, desarrollando ernbalajes 
de desechos integres a largo plazo! 
Para el alrnacenarniento de ernbalajes de desechos altarnente 
radiactivos en forrnaciones de sal gerna, estos se introducen 
en forrna de bidones cillndricos (~30 crn de diarnetro, 100-300 crn 
de albo) en taladros de perforaci6n que tienen que disponer-
se geornetricarnente de rnodo que el calor de desintegraci6n 
producido no afecte la estabilidad rnecanica de la roca, es 
decir que no se sobrepase una densidad rnaxirna de la fuente 
de calor. Por consiguiente, la disposici6n geornetrica de los 
ernbalajes de desechos radiactivos (producto de desecho + 
envuelta) · en el alrnacenarniento definitive depende de su 
calor de desintegraci6n, es decir de su cornposici6n y con esto 
- adernas de la reelaboraci6n y del tratarniento tecnologico 
de los desechos - tarnbien de los tiernpos de alrnacenarniento 
provisional. 
En principio el alrnacenarniento 
- de los elernentos curnbustibles consurnidos [12] antes de la' 
reelaboraci6n 
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- o de los desechos despues de la reelaboraci6n 
da la posibilidad de variar la composici6n y con esto la 
actividad termica y la radiactividad y de utilizar aun el 
calor de desintegraci6n - por lo menos dentro del marco de 
reflexiones. 
Este almacenamiento provisional es imaginable tanto para los 
efluentes liquidos como para los s6lidos. Pero el almacena-
miento provisional de efluentes liquidos radiactivos tiene 
el inconveniente que 
1 "' d k, - e aci o n1trico altamente contaminado se evapora continua-
mente y tiene que ser retornado a los tanques de almacena-
miento a traves de sistemas de condensaci6n cerrados; 
- fen6menos de corrosion vienen reforzados por segregaci6n 
y condensaci6n; 
- se necesita mucho volumen de almacenamiento. 
A esto hay que anadir el riesgo general de contaminaci6n que 
tambien en el almacenamiento provisional - practicado - de 
embalajes de desechos [35, 51] con refrigeraci6n por agua o 
por aire dificulta la utilizaci6n del calor perdido proceden-
te de dep6sitos intermedios despues de la reelaboraci6n. 
La cuesti6n de si y para cuanto tiempo se tiene que almacenar 
provisionalmente, depende tanto de aspectos de pol{tica 
social como tecnicos y econ6micos. Bajo los aspectos de politica 
social, la necesidad de la seguridad toca un papel esencial. 
Por motivos tecnicos, la duraci6n del almacenamiento provisonal 
para elementos combustibies consumidos no tendr{a que ser 
demasiado grande, porque en la desintegraci6n del plutonio 241 
con periodo corto (15 anos) se forma el americio 241 con 
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per1odo mucho mas largo (433 anos) que aumenta considerable-
mente el plazo de la radiactividad de los productos almacena-
dos definitivamente. Desde el punto de vista econ6mico se 
tiene que considerar tambien la pregunta del almacenamiento 
provisional de desechos altamente radiactivos despues de la 
reelaboraci6n, teniendo en cuenta que la disposici6n geome-
trica, es decir la compac~dad de los embalajes de desechos 
en el almacenamiento definitivo puede hacerse tanto mas 
economica cuanto mas bajo sea el calor de desintegraci6n. 
Por consiguiente, los gastos del almacenamiento definitivo 
bajan proporcionalmente con la actividad termica, excepto 
los gastos fijos que valdr1a un almacenamiento definitivo 
- hipotetico - para embalajes de desechos no activos termica-
mente. Para un desecho procedente de un combustible reelabo-
rado 10 anos despues de la descarga del reactor, la evoluci6n 
de los gastos de un almacenamiento definitivo sigue en primera 
aproximaci6n la funci6n de tiempo dada por la ecuaci6n 2 para 
la actividad termica. La proporcionalidad de la actividad 
termica y los gastos deper.den entonces de diferentes hip6tesis 
que se refieren a los gastos reales de construcci6n y de 
mantenimiento y que se han extraido de la literatura para un 
caso especial representado en la fig. I.7 [51]. Los calculos 
correspondientes han sido efectuados por J. Ehni dentro del 
marco de un trabajo de estudios (Universidad de Karlsruhe; 
asignatura: ciencia de los materiales para ingenieros 
economistas). La conclusi6n esencial es· · que los 
gastos del almacenamiento definitivo bajan con la duraci6n 
de tiempo que sigue a ladescarga del reactor. Utilizando pro-
visoriamente un almacenamiento provisional en vez de un alma-
cenamiento definitivo, los gastos de un almacenamiento defi-
nitive ulterior seran mas bajos, pero en vez de esto resul-
tariin gastos para el almacenamiento provisional. Estos se 
subdividen en gastos fijos para la construcci6n y los gastos 
corrientes del mantenimiento del almacenamiento provisional, 
y han sido indicados tambien en la fig. 7 como evoluci6n de 
gastos de almacenamiento 
totales ( _ 
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FIG, 1.7: ESTIMACIOtJ DEL DESARROLLO DE LOS GASTOS PARA EL ALMACENAMIENTO PROVISIONAL Y 




los gastos sobre la duraci6n de tiempo despues de la descarga 
del reactor. Otra vez, la conclusi6n esencial en este contexto 
es que los gastos de almacenamiento provisional 
aumentan con la duraci6n de tiempo. En el caso especial la 
correlaci6n gastos-duraci6n de tiempo es 
pendiente determinada. 
lineal y tiene una 
Los gastos totales para una combinaci6n del almacenamiento 
provisional y definitive resultan entonces de los gastos de 
almacenamiento provisional y definitive en el momento consi-
derado. Su evoluci6n esta indicada tambien en la fig. 7 para 
el ejemplo estudiado. Es posible que el minimo indicado alli 
coincida bajo otras hip6tesis con el comienzo de la curva de 
los gastos totales o que se desplace a la derecha. Es tambien 
posible que salga aun mas plana que en el ejemplo. Pero otras 
condiciones de gastos de almacenamiento provisional y defini-
tive y la consideraci6n de intereses de capital tampoco no 
cambian el resultado de principio 
- que este minimo existe 
- que la marcha de la curva de los gastos totales despues 
del minimo es relativamente plana y 
- que por ello el almacenamiento provisional y definitive 
combinado en el 6rden de magnitud de decenios es economi-
camente justificable - posiblemente aun mas economico -
que el almacenamiento definitive inmediato de embalajes de 
desechos despues de su fabricaci6n. 
Terminamos aqui el capitulo de la influencia del almacenamiento 
provisional sobre el almacenamiento definitive de embalajes de 
desechos radiactivos en la sal gema o granito. 
Para garantizar una transmisi6n uniforme del calor desde el 
embalaje de desechos al ambiente en el almacenamiento defini-
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tivo, conviene rellenar los taladros de perforaci6n despues 
de introducir los embalajes. Corno material de relleno en for-
maciones de grani to se preve entre otros la beritonita, una 
mezcla de arena y arcilla (proporci6n volumetrica 80 : 20) 
[36], que es un intercambiador de iones relativamente bueno 
y que por otra parte se hincha al contacto con agua y que de 
este modo obtura grietas eventuales en la roca. Ambas propie-
dades retardan el transporte de radiohucleidos a la biosfera 
y representan reacciones de autoprotecci6n del sistema. Para 
el relleno de taladros de perforaci6n en la sal gema, sola-
mente la primera propiedad seria importante, porque general-
mente la obturaci6n de grietas se produciria espontaneamente 
debido a la plasticidad de la sal. Pero se ha senalado varias 
vecas que existen excepciones [25, 26]. 
Cuando se resumen todas las posibilidades del almacenamiento 
definitive de desechos radiactivos, resulta como concepto 
actualmente aleanzahle el enterramiento en formaciones geo-
logicas en la base de un sistema con barreras multiples 
(fig. I.8), donde 
el desecho radiactivo viene primero fijado de modo general-
mente molecular (p.ej. vitrificaci6n) (barrera molecular); 
- el desecho fijado de modo molecular esta granulado y - de 
modo heterogeneo - introducido en una fase de matriz 
(barrera microestructural); 
el producto heterogeneo esta revestido de modo macrosc6pico, 
p.ej. en recipientes (1a barrera macroestructural); 
- los embalajes de desechos radiactivos son introducidos 
en posiciones de almacenamiento definitive (material de 
relleno = relleno de sal, eventualmente con suplementos 
que favorecen la adsarci6n [2, 36] = 2a barrera macro-
estructural); 
- las posiciones de almacenamiento definitive se encuentran 
en roca de granito o salina (barrera geol6gica) . 
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I.3 Condiciones de estado en el alrnacenarniento def ini ti vo 
Antes de la introducci6n de ernbalajes de desechos radiactivos 
en forrnaciones geolÖgicas estas son cuasi estables, es de-
cir estan - aproxirnadarnente - en equilibrio. El hecho de que 
este "cuasi-equilibrio" adrnite rnovirnientos de rnateria, ha 
sido confirrnado varias veces por las geociencias [25 - 57]. 
Para las condiciones de estado correspondientes de forrnaciones 
de sal gerna (profundidad 500-1000 rn) se tienen aproxirnadamente 
los datos representados en la fig. I.9 . 
La introducci6n de embalajes de desechos radioactivos cambia 
las condiciones de estado del sistema - nuevamente forrnado -
de barreras multiples, por lo que este esta en un estado de 
desequilibrio durante largos periodos. Los transportes de 
rnateria en la roca ya mencionados (transformaciones de rnine-
rales, redistribuci6n de elementos) tiene en este contexto 
una irnportancia especial, por lo que ~asta ahora la estabili-
dad de forrnaciones de sal gema no puede considerarse corno 
dada [25, 26, 57]. 
La cornposici6n viene rnodificada sobre todo por los componentes 
del desecho altarnente radiactivo cuya composici6n en elementos 
esta dada en la fig. I.3 bajo condiciones estandar y que 
carnbia continuamente, seg6n los procesos de transforrnaci6n 
radiactiva. A esto hay que anadir los elernentos de los cornpo-
nentes introducidos en el tratamiento t~cnol6gico de los 
desechos para la fijaci6n rnolecular, la solidificaci6n hetero-
genea y el revestirniento, es decir para la fabricaci6n del 
ernbalaie de desechos (ver fig. I.2). La sirnulaci6n de 
la cornposici6n del desecho s6lido de actividad alta no 
esta basada generalmente en los elementos, sin6 en los 6xidos 
y/o nitratos. 
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La actividad termica especffica del desecho s6lido de activi-
dad alta tiene como consecuencia temperaturas del embalaje de 
desechos que dependen de la "diluci6n" del desecho por los 
componentes del embalaje y de la evacuaci6n del calor al 
ambiente del embalaje en el almacenamiento definitive. Esta 
ultima origina la formaci6n de gradientes de temperatura. 
En la fig. 10 se han introducido estimaciones de los gradientes 
de temperatura para un embalaje de desechos nucleares bajo con-
diciones pesimistas, basandose en datos de la literatura [38], 
donde 
- 15% en peso de desecho estandar altamente radiactivo esta 
fijado de modo molecular en vidrio (~ 17,5 · 10-3 W/cm3-
producto); 
- el desecho solidificado esta envuelto de un recipiente 
de acero (espesor de pared: 1 cm; diametro interior: ~30 cm); 
- se ha utilTiado sal granulada para rellenar el taladro de 
perforaci6n. 
La estimaci6n corresponde a condiciones pesimistas en cuanto 
que el relleno admitido del taladro de perforaci6n posee la 
peor conductividad termica debido al esponjamiento de sal. 
Por ello, los gradientes de temperatura obtenidos son mas 
elevados bajo condiciones realistas, si entre el embalaje 
y la pared del taladro existe un entrehierro, y son . mas 
bajos en el caso de un contacto inmediato entre el embalaje 
y la sal compacta. 
Debido al gradiente geotermico, la evacuaci6n del calor va 
a largo plazo completamente hacia la superficie terrestre. 
Pero el gradiente de temperatura que se forma en el ambiente 
del embalaje de desechos depende tambien de la distancia entre 
dos embalajes en el almacenamiento definitive. Pero esta 
influencia se hace despreciablemente pequena por encima de 
. 26 -
distancias calculables entre dos embalajes [32]. Por ello no 
tiene que tomarselo en cuenta para la distancia admitida en 
la fig. I.10 (~ 20m) de dos embalajes de desechos (una 
coquilla por taladro de perforaci6n) . 
Composici6n 





Halita (NaCl; componente principal) 
~arnalita (MgCl 2 ·KCl·6 H20; suplemento) 
~nhidrita (Caso 4 ; inclusiones) 
potas alcalinas (0,1-1% vol., pHRT = 6,5; 
inclusiones) : 
B03 1 200 ppm 
-Br 400 ppm 
ca 2+ 600 ppm 
-Cl 190 000 ppm 
HC0 3 700 ppm 
-J 10 ppm 
K+ 30 000 ppm 
Mg2+ 35 000 ppm 
Na+ 42 000 ppm 
so2-
4 3 500 ppm 
Sr 2+ 5 ppm 
ru 310 K 
12 - 30 MPa 
Fig. I.9: Magnitudes de estado en formaciones de sal gema 
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FIG, 1.10: DISTRIBUCION DE LASTEMPERATURASEN EL 
EMBALAJE DE DESECHOS Y EL AMBIENTE PARA UN 
DESECHO ESTANDAR DE ACTIVIDAD ALTA DESPUES 
DE CI NCO ANOS DE ALMACE NAIV\ I ENTO /38/ 
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Asi como las temperaturs sobre el embalaje y en su ambiente 
inmediato pueden variarse por su composici6n y geometria, 
asi las temperaturas en el almacenamiento definitive y su 
ambiente pueden influenciarse por medios de la tecnica de 
ingenieria por su diseno, sobre todo la compacidad de alma-
cenamiento de los embalajes de desechos [12, 31, 32, 39]. 
De este modo, las temperaturas pueden adaptarse, dentro del 
marco de un cierto ancho de variaci6n, a condiciones gue 
resultan de las consecuencias de aumentos de temperaturas 
el 
sobre ambiente indirecto y directo asi como sobre el embalaj e 
de desechos rnismo. Estos ultirnos suponen un producto defini-
do desde el punto de vista de la ciencia de los materiales, 
con una envuelta, lo gue sera el tema de nuestras con-
sideraciones en la parte III de este trabajo. En cambio, 
consideramos gue son conocidos los efectos de un aumento 
de temperatura sobre el ambiente inmediato del embalaje de 
desechos, gue se refieren a 
- la disoluci6n parcial o completa de la estructura cristalina 
de la sal 
- la formaci6n de grandes cantidades de lejia salina. 
La fig. I.11 presenta el analisis termico de sal de ASSE [19], 
cuya estructura cristalina - especialmente a mas de 500 K -
es cambiada termicamente de tal modo gue se libera agua de 
cristalizaci6n, se puede formar acido clorhidrico (HCl) y 
gue pueden aparecer cambios dramaticos de la capacidad calo-
rifica y de la conductividad termica del ambiente inmediato 
del embalaje [41]. Corno lo muestra la comparaci6n con la 
fig. 10, bajo condiciones marginales realistas - en vez de 
pesimistas - podran probablemente evitarse temperaturas 
maximas de sal >500 K, lo gue por cierto gueda todavia dema-
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FIG, 1.11: ANALISIS TERMICO DE SAL DE ASSE 
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En cambio, no se puede evitar que las gotas de lejia inclui-
das en sal (0,1-1% vol., ver fig. 9) se deplacen en el gra-
diente de temperatura hacia el embalaje de desechos y que 
pueden acumularse alli en cantidades de litros, cuando los 
diametras de las gotas no son demasiado pequenos.[3, 17, 28, 
31, 48]. Estediametro de la gotas que limita la acumulaci6n 
de lejia es tanto mas pequeno cuanto mas elevado es el 
gradiente de temperatura hacia el embalaje, y para gradientes 
que corresponden a la fig. I.10 esta en el 6rden de magnitud 
de 10- 2 mm. La causa de la migraci6n de las gotas es el efecto 
que en el lado mas caliente de una gota se disuelve mas sal que 
en el lado mas frio. Por ello, en aquel lado se separa sal que 
viene redisuelta en el lado mas caliente, por lo que las gotas 
en el gradiente de temperatura se desplazan en direcci6n del 
embalaje y se acumulan alli. Otra posibilidad de contacto, 
aunque poco probable, entre la lejia de sal y el embalaje 
de desechos resulta de la presencia de inclusiones mayores 
de agua en formaciones salinas [10, 25, 26]. 
Ademas de estas consecuencias sobre el ambiente inmediato de 
los embalajes de desechos pueden calcularse aquellas que 
actuan a traves del ambiente inmediato hacia la superficie 
terrestre, debido a la evacuaci6n del calor, como p.ej. 
- el calentamiento de capas que llevan aguas subterrane.as; 
- la dilataci6n termica en la regi6n de las cavidades de 
almacenamiento definitive ("estabilidad de la minas'') y 
de la superficie terrestre ("eminencias del terreno"). 
Cuando, debido a la inestabilidad termica de la sal (>500 K, 
ver. fig. I. 11) e inseguridades geocientificas [ 25, 26] se 
considera una temperatura maxima admisible (~ 375 K) para 
". . 
esta, resulta aproximadamente [28, 31, 32, 39, 51, 52], que 
- se tiene que fijar una temperatura media maxima de los 
embalajes de desechos (~ 500 K) ; 
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- los aumentos de temperatura maximos causadas por ella no 
tendrian que ser ~ 100 K en ningun sitio del almacena-
miento definitivo y en ningun momento; 
- la densidad del flujo termico en el almacenamiento defini-
tive tiene por consiguiente que limitarse (segun calculos 
americ~nos basados en 175 K como aumento de temperatura 
maximo, es ~ 37 W/m2 [32]); 
- el aumento de temperatura de las aguas subterraneas no 
tendria que sobrepasar ~ 6 K; 
- el aumento de temperatura en la superficie terrestre tendria 
que ser · ~ 0, 5 K; 
- la eminencia del terreno inducida termicamente en la super-
ficie terrestre sobre el almacenamiento definitivo tendria que 
ser · ~ 1 , 5 m. 
Ademas de la composici6n y temperatura, la presi6n representa 
una variable de estado en el almacenamineto definitivo (ver 
fig. 9), pero que debido a la plasticidad de la sal frente a 
la formaci6n geol6gica no cambia practicamente sin embalaje 
de desechos. Pero otra magnitud de estado suplementaria que 
hay que considerar es la radiactividad que, como ya lo hemos 
mencionado, puede originar la radiolisis de lejias de sal y 
con esto la formaci6n temporaria de acido nitrico asi como 
de hidrogeneo, oxigenio y gas cloro [8, 31]. 
Ademas seria posible acumular y por consiguiente "represar" 
energia de radiaci6n en defectos de construcci6n inducidos 
por radioaci6n de los materiales de embalaje. En el caso de 
una liberaci6n espontanea de estas energias como calor a par-
tir de sal y /o vidrio no ocurre sin ernbargo ningun aumento de 
temperatura que tenga una importancia practica [22, 31, 49]. 
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II. La estructura de embalajes de desechÖs de actividad 
alta 
II.1 Productos del almacenamiento definitivb en el sistema 
con barreras multiples 
La caracterizaci6n del desecho de actividad alta y del 
peligro que procede de el, tema de la Parte 1 de este tra-
bajo, tenia como resultado la necesidad de su contenci6n a 
largo plazo (> 1000 anos) frente a la biosfera. - El anali-
sis de las alternativas de almacenamiento definitive de la 
Parte I de estos estudios tuvo como resultado la selecci6n 
de formaciones geol6gicas continentales como lugar del alma-
cenamiento definitive, y trataba de las condiciones de estado 
despues de la introducci6n de embalajes de desechos de acti-
vidad alta. El concepto de embalaje de desechos - o forma de 
dep6sito - comprende aqui el producto que conviene para el 
almacenamiento (definitive) y su envuelta. Para garan-
tizar el aislamiento durable del desecho de actividad alta 
frente a la biosfera durante su almacenamiento definitive 
en formaciones salinas, el sistema de barreras multiples 
es considerado como el concepto mejor realizable. 
Conforme a las condiciones de estado - el sistema global que 
es el almacenamiento definitive esta en desequilibrio - no 
pueden existir barreras absolutas ilimitadas en el tiempo, 
sin embargo su eficacia con respecto a un retardo de la libera-
ci6n de elementos altamente radiactivos es diferente. Pen-
samos que el producto mas eficaz, es decir una primera barre-
ra casi absoluta durante largos per{odos, sera el que fija 
el desecho en su mayoria de modo molecular y que esta en 
equilibrio termoquimico interior; es decir que ßs fases for-
madas por interacci6n con componentes del desecho asi como 
las fases formadas a partir de los componentes de desechos 
sobrantes, no disueltos, seran estables. Si este sistema 
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estuviera ademas en equilibrio con el material de una fase 
de matriz libre de desechos (barrera microestructural) y/o 
con el material de vaina (1a barrera macroestructural), el 
embalaje de desechos en su conjunto estuviera en equilibrio 
interior y proporcionaria entonces un sistema absoluto de 
barreras, si se pudieran excluir tambien interacciones posi-
bles del material de vaina y/o de la fase de matriz libre de 
desechos o respectivamente de las fases de producto con sal 
y lejias de sal (ambiente inmediato del embalaje). En este 
caso - ideal - la funci6n de barrera de la formaci6n geol6-
gica (adsorci6n de radionucleidos liberados) frente a la 
superficie terrestre no seria necesaria. Debido a la compleji-
dad material del desecho altamente radiactivo, su cambio con 
el tiempo debido a la desintegraci6n, asi como su actividad 
termica y su radiactividad, no se puede realizar sin embargo 
este estado de equilibrio ideal. Interaceiones entre los com-
ponentes del sistema que cambian con el tiempo debido a la 
desintegraci6n, asi como la difusi6n y la corrosion (lixivia-
ci6n) bajo el efecto del ambiente originaran a largo plazo 
ra liberaci6n limitada de los elementos radiactivos del des-
echo. Por ello el concepto de barreras multiples tiene que 
realizarse de modo que retarde el acceso de estos elementos 
a la biosfera durante aquel periodo (> 1000 anos) en que 
existe una alta radiotoxicidad (ver fig. 5, 6, Parte I de 
este trabajo) y incluye por ello las formaciones geologicas 
como barrera con alta potencia de adsorci6n para elementos 
de actividad alta [3, 10, 22, 31, 46, 52, 53]. - Hasta ahora 
los productos siguientes han sido desarrollados para la 
fijaci6n - homogene.a y heterogenea - de desechos de actividad 
alta y han sido estudiados: 
- vidrios 
- supercalcinados 
- titanatos - zeolitas 
- Synroc 
- monazita (solamente para actinidos!). 
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II.2 Equilibrio tnterior: componentes, fase$, superficies 
limites del producto 
Entre los vidrios han sido probados y considerados como con-
venientes los vidrios de borosilicato [15] y de hipersilicato 
[23, 29]. Los vidrios tienen la tendencia y la capacidad de 
disolver la mayor parte de los componentes altamente radiac-
tivos del desecho. Aun para condiciones de estado (473 K; 
20 MPa) que las que hasta ahora han sido consideradas como 
posibles en el almacenamiento definitive, se puede detectar 
que el vidrio, ya despues de periodos relativament.e cortos 
(1500 horas) entra en interacci6n con una parte de los compo-
nentes del desecho s6lido de actividad alta (ver fig. II.1). 
El resto - especialmente Ru, Rh, Pd, Ag asi como algunos 
compuestos de Ce, Zr, Ti y Te [14] - forma fases pröpias. 
En la fig. II.2 se ha comparado la composici6n material de 
un vidrio de hipersilicato, un vidrio de borosilicato y un 
vidrio de feldespato de barLo facilmente cristalizable 
( "cer&unica de vidrio") . Corno lo muestran los diagramas de 
estado correspondientes (fig. II.3), tiene que basarse 
en un estado de equilibrio con varias fases, aun para el 
sistema con dos componentes di6xido de silicio-diborotri6xido. 
La adici6n de los componentes del desecho altamente radiacti-
vo aumentara el 6rden del estado polifasico [38, 56], y en 
el estado liquido las tendencias de segregaci6n de las 
fases, es decir hara mas probable la inhomogeneidad macrosc6-
pica del producto solidificado [38, 49, 56] (ver figs. II.4, 
II.5). 
Una singularidad de todos los vidrios es la que con un enfria-
miento normal a partir de la fase liquida generalmente no 
alcanzan el estado de equilibrio estable. Esto se refiere 
menos o no solamente a las fases de vidrio mismas, sin6 a 
su estructura fina: aunque sea cristalina para el estado 
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de equilibrio, el vidrio queda amorfo hasta casi-amorfo 
(orden pr6ximo) , es decir en el estado de desequilibrio 
o respectivamente de equilibrio metaestable de una fase 
liquida sobreenfriada. El plazo hasta la cristalizaci6n 
depende del tipo de vidrio y de las condiciones de ßstado 
durante la fabricaci6n y en el a·hnacenarniento defini tivo [ 7]. 
Los vidrios de feldespato de bario (ver fig. II.2) y 
vidrios comparables se cristalizan ya durante un enfriamiento 
lento [37] y pueden transformarse directamente en "ceramica 
de vidrio" [8] para evitar la desvitrificaci6n incontrolada. 
Entbnces los limites de solubilidad para los componentes 
radiactivos de los desechos en las distintas fases crista-
lizadas sori diferentes, pero para las concentraciones de 
desechos usuales (< 20% en peso) son alcanzadas solamente 
en casos excepcionales. Para otros vidrios y bajo condiciones 
de estado correspondientes, se tiene que contar con un prin-
cipio de cristalizaci6n (p.ej. 7% vol. de fase cristalizada 
despues de 1015 anos para ~ 0,6 · TE; TE = temperatura de 
ablandamiento K) y con la cristalizaci6n completa solamente 
despues de periodos muy largos (1o30 anos [17, 24]. Pensamos 
sin embargo que el almacenamiento de desecho de actividad . 
alta originara siempre el aumento de la tendencia a la crista-
lizaci6n [7], porque los componentes insolubles, cristaliza-
dos del desecho como p.ej. el rutenio, rodio o paladio actuan 
para la cristalizaci6n ~omo germenes extranos, lo que ha sido 
probado experimentalmente para tipos de vidrio con gran apti-
tud de cristalizaci6n (fig. II.6) [38]. En cambio, paralos 
componentes de desecho solubles en el vidrio, su estructura 
fina amorfa est& probablemente favorable, porque permite una 
amplia adaptaci6n al cambio inevitable de la composici6n 
material causado por la desintegraci6n radioactiva. Este cambio 
afecta tanto la desintegraci6n de los productos de fisi6n como 
el helio formado en la desintegraci6n de los actinidos. Se 
supone que debido a la estructura fina amorfa del vidrio, su 
- 39 -
capacidad como solvente es tan alta que no aparecen ni acumula-
ciones de helio y conello centros de presi6n de vidrio (para 
1019 a/g) ni efectos negatives de los elementos de productos 
de fisi6n (para 25% en peso de conten1do de productos de 
fisi6n, 11 anos) [49]. Por ello, el vidrio amorfo parece en 
principio ser relativamente insensible a los cambios mate-
riales del desecho altamente radiactivo. 
El estado polifasico (11mites de fase) y la cristalizaci6n 
(bordes de grano) tienen como consecuencia superficies 11mites 
interiores que aparecen y se terminan en la superficie del 
vidrio. All1 forman germenes activos cataliticamente para la 
interacci6n del vidrio que contiene el desecho con el ambiente 
[16]. Su aumento, dificilmente previsible, con el tiempo debido 
a tendencias de desvitrificaci6n representa un factor suplemen-
tario que favorece los procesos cineticos en el vidrio que 
contiene el desecho debido a su estado de desequil1brio termo-
quimico bajo condiciones de almacenamiento definitive. 
Mientras que la magnitud de estado temperatura - aumentada -
en el almacenamiento definitive para desecho altamente radi-
activo introducido en vidrio favorece su tendencia a la 
estructura fina cristalina, la otra - nueva - magnitud de 
estado radiactividad actua en el sentido opuesto: la 
radia ci6n viene por lo menos parcialmente absorbida y causa 
con esto cambios de la estructura del vidrio. Especialmente 
la radiaci6n a de los act1nidos produce a lo largo de la 
6rbita de la part1culas en el vidrio defectos suplementarios, 
tambien en la red amorfa (zonas de recoil, thermal spikes), 
que ya no se restablecen espontaneamente en regiones de baja 
temperatura (< 350 K). La formaci6n de 11 redes de 6rbitas de-
fectuosas y su penetraci6n hasta la superficie del vidrio 
tendr1a consecuencias comparables a las de las superficies 
11mites que penetran a la superficie del vidrio (11mites de 





Ti .. Ti 
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Ru Rh Pd 
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fig. II.1: Interaceiones del vidrio con desecho alta-
mente raciactivo simulado (473 K;, 20 MPa, 
1 500 h) 
'--
porcentaje (% en peso) i 
I 
componente vidrio de hiper- vidrio de boro- vidrio de feld- I 
silicato CUA silicato KfK espato de bario I 
GP 98/12 (HMI) 
Al 0 2 3 6 2,6 12-16 
B203 4 12,3 2-9 
BaO 16-20 
cao 4,1 0-7,5 
Li 2o 1-4 




Si02 96 57 27-35 
Ti02 4,6 4-5 
ZnO 4-6 
fig. II.2: Composici6n material de varios vidrios 
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fig. II.3: Secciones conocidas. del .diagrama ile estaCio (cuasi) ternario de 






fig. II. 4: Segregaciones en productos de vidrio fuJ)dido con 






fio. II.S: Componentes de vidrio de borosillcato que contiene desecho (claro/ 
oscuro-ver arriba) y su composlclon con respecto a algunos elementos, 





fig. II.6: Principio de cristalizaci6n en productos de borosilicato que contienen 
desechos simulados 
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hasta ahora no tiene ninguna irnportancia prirnaria [11]. - Otra 
consecuencia de la forrnaci6n de defectos por absorci6n de 
radiaci6n en el vidrio es la acurnulaci6n ternporaria 
de energ1a cuya liberaci6n repentina corno calor no originar1a 
sin ernbargo ningun aurnento de ternperatura peligroso [33, 40]. 
Corno resulta de lo antes dicho, la tendencia de los vidrios 
- inrnanente al sisterna - al estado de desequilibrio terrno-
quirnico en el caso de una cornbinaci6n con el desecho altarnente 
radiactivo, cornplejo rnaterialrnente, entrana consecuencias 
dif1ciles de evaluar para el cornportarniento a largo plazo de 
los productos bajo condiciones de alrnacenarniento definitive. 
Por lo tanto la investigaci6n de alternat1vas esta concentra-
da a sisternas que estan en equilibrio terrnoquirnico interior. 
Con los vidrios cristalizados (cerarnica de vidrio) se ha dado 
ya un prirner paso en esta direcci6n. Corno lo rnuestra la 
fig. II.7 tarnbien para rnas productos, consist1a sobre todo 
en reducir el contenido en Sio2 que favorece el estado de 
vidrio - arnorfo. Con los supercalcinados se prosigue este 
desarrollo: con los cornponentes altarnente radiactivos calci-
nados de los desechos se adicionan aquellos 6xidos en canti-
dad, que hacen falta para la forrnaci6n de un sisterna cerarnico 
polifasico de rninerales conocidos (ver fig. II.8). Adernas de 
ocho fases cristalinas se ha encontrado una fase de rnatriz 
arnorfa (6-10% vol.). Contiene el cesio no disuelto en la 
polucita (0,5-10% en peso) [30]. 
Para las fases cristalinas en el supercalcinado, los cornpo-
nentes del desecho altarnente radiactivo tienen la funci6n 
de forrnar redes huespedes, por lo que influencian considerable-
rnente el equilibrio polifasico. Por ello, el sisterna e~ 
sensible frente a variaciones de la cornposici6n del desecho 
altarnente radiactivo. Corno ~sta carnbia inevitablernente con 
el tiernpo debido a la desintegraci6n radiactiva, esto es un 
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composicion (% en peso) 
vidrio de vidrio de boro vidrio de feld supercal-
componentes silicato silicato espato de bari< cinato 
(ceramitla .de 
vic'lrio) 
Al2o 3 2,2 13,5 4,4 
B203 3,4 10,5 5 
BaO 17,5 
CaO 3,5 3,5 4,9 
Li2o 2,5 
MgO 1, 8 
-
Na2o 14,9 1, 5 
PbO 2 
Sio2 81,6 48,2 30 19,1 
SrO 1,2 
Ti02 3,9 4,5 
ZnO 5 
Zro2 
desecho rad. 15,0 15,0 15,0 70,4 












cion (% en pel3o 
Al203 4.4 
CaO 4.9 
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[Ca] » [Fe] 
Ni [er] 
fig. II.8: Componentes y fases de supercalcinato, SPC 2 (SE 
faltar). 





punto debil del producto. Hay que anadir que la fase amorfa 
esta en desequilibrio termoquimico por lo menos por lo que 
a su estructura fina se refiere. C0n respecto a la influencia 
de las magnitudes de estado temperatura y radiactividad, vale 
lo mismo que lo que hemos dicho para los vidrios. Para la 
mayoria de las fases cristalinas - especialmente para apatito -
aparece bajo el efecto de radiaciones radiactivas metamictiza-
ci6n, una destrucci6n comparable al efecto producido por radi-
actividad en el vidrio (zonas de recoil, thermal spikes), del 
6rden cristalino por colisi6n de atomos con partleulas a. De 
este modo el apatito ha sido completamente amorfizado (dosis 
1018 a/g) [51], mientras que la fluorita y sobre todo la mona-
zita presentan una alta resistencia a los rayos a. Asi por 
ejemplo la monazita con grandes porciones de 6xidos de actini-
dos disueltos (-42% en peso) en minerales naturales (edad 
5·108 + 2·109 anos) no presenta ninguna metamictizaci6n [45, 
48], y por ello parece convenir particularmente bien para la 
fijaci6n a largo plazo de los actinidos. 
II.2.3 !~~~~~~~~L-~~~~~~~~-Y-§Y~E~S 
Para reducir la sensitividad del producto frente a cambios 
de la composici6n del desecho altamente radiactivo asi como 
para disminuir el numero de las fases, la funci6n que deter-
mina el equilibrio de fases del componente del desecho tiene 
que reemplazarse por una funci6n de los suplementos. 
La combinaci6n de componentes de desecho altamente radiactivos 
(< 25% en peso) con titanato de sodio o respectivamente de 
calcio (NaH/CaTi 2o5 ) [54] y con zeolita (Na 2/K 2/ca/Ba/Cs 2/ 
SrA1 2o3 · 6 Si02 · x · H2o) por intercambio de iones daba 
lugar - tambien para un desecho no simulado - a un producto 
polifasico, conteniendo silicatos [9, 54], en los cuales 
aparecian entre otros aquellas tres fases que - por s{ sola -
determinan el producto de Synroc que resulta. 
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Los componentes de Synroc y sus fases estan representados 
en la fig. II.9 [2, 42, 43]. Para obtener la funci6n de los 
suplementos que forma la red huesped y que determina las 
fases, esta limitada la solubilidad para componentes radiac-
tivos de desechos (~10% en peso). Por ello, el cambio con el 
tiempo de la composici6n debido a la desintegraci6n radiac-
tiva no tendria que tener una influencia decisiva sobre el 
equilibrio de fases. En cambio, se ha notado metamictizaci6n 
sobre todo para circonolita, pero tambien para holandita y 
perovskita [57]. 
II.3 Eguilibrio 9xterior: interacciones entre producto-ambiente, 
producto-fase de matriz/material de va!na y fase de Tatriz/ 
material de. vaina y ambi~hte 
rr.3.1 ±~t§f§99i2~§§_§~~f§_§!_E~29~g~Q_Y_§!_emei§g~§ 
En el caso de un accidente bajo condiciones de almacenamiento 
definitvo, cada uno de los productos estudiados puede entrar 
en contacto directo con el ambiente de los embalajes de des-
echos. Para un almacenamiento definitive en formaciones sali-
nas esto significa que contactos entre el producto y 
- sal 
lejia de sal asi como 
- agua neutral hasta acida 
tienen que tomarse en cuenta. 
Los resultados disponibles hasta ahora se refieren a la compa-
tibilidad, es decir al equilibrio exterior de los productos 
con la lejia de sal y el agua, y estan resumidos en la 
fig. II.10. Parapoder indicar grados de lixiviaci6n selec-
tivos, hemos tomado los elementos cesio, estroncio, plutonio 
y uranio, porque por una parte se trata de productos de fisi6n 
representativos (Cs, Sr) y de actinidos (Pu, U), y por otra 




eomposicion eantidad nombre formula elementos disueltos del desecho altamente radiactivo 
(% en peso) 
Al20 3 16 holandita 2+ 3+ + 2+ 4+ + . 2+ 4+ + + 
I BaAl2Ti6o 16 Ba ,er ,es , Fe , K ' Mo ,Na- ,N1 , Rb , Tc BaO 17 (35% vol.) 
eao 6 perovskita 3+ 4+ 2+ 
eaTi03 actinidos actinidos 
4+ lantanidos , 
' 
, Sr 
Ti02 60,4 (32% vol.) 
Zro2 9,9 circonolita eazrTi2o 7 actinidos 
3+ 
actinidos 4+ lantanidos 3+ + Th4+,zr3+,Y3+ I , , Na , 
(31 % vol.) 
componentes alta- fase residual 
rmente radioactivos 10,7 (12 % vol.) Al2o 3 + Ti02 
-




lixiviaci6n disminuye en el erden 
Cs > Sr > Co > Sb > Mn > Pu > Eu > Cm > Ce 
Asi por ejemplo el cesio tiene una tendencia aproximadamente 
cuatro veces mas grande a la lixiviaci6n que el cerio. Los 
datos relatives al grado de lixiviaci6n global de vidrio de 
hipersilicato han sido medido solamente una vez, por lo cual 
tienen que considerarse como provisonales, pero estan debidos 
probablemente al mineral natural tectita que casi no ha sido 
corrodida o respectivamente erosionada en diferentes aguas 
desde hace mas de varios millones de anos [24, 29, 39]. La 
ceramica de vidrio no mencionada no distingue del vidrio de 
borosilicato con respecto al 6rden de magni tud, y a partir de 
resultados mineral6gicos y de laboratorio se sabe solamente 
de la fase de monazita, rica en actinidos, que existe en 
supercalcinatos y en minerales naturales, que presenta un 
grado de lixiviacion por lo menos una dimensi6n mas pequenq 
que el vidrio de borosilicato. Los grados de lixiviaci6n del 
vidrio pueden aumentarse por medios de lixiviaci6n acidos y 
alcalinos [55]. 
Con grados de lixiviaci6n de 10- 5 para cesio o respectivamente 
-de 10- 7 g/cm2 · d para plutonio, menos de 10% de la radiacti-
vidad inicial esta liberada tras algunos decenios o respecti-
vamente algunos siglos [15], pero grados de lixiviaci6n glo-
bal de productos de vidrio de >10- 4 g/cm2 · d originan una 
desintegraci6n volumetrica de aproximadamente 50% en algunos de-
cenios y comprometen asi la cohesi6n mecanica de tal producto. 
La cristalizaci6n aumenta este efecto de la destabilizaci6n 
mecanica y del aumento de la lixiviaci6n [28, 41]. Por lo 
tanto, se ha estudiado varias veces la construcci6n de una 
segunda barrera alrededor del producto. Esta segunda barrera 
(ver fig. 8, Parte I de este trabajo) puede realizarse en 
forma de una fase de matriz microsc6pica, libre de desecho 




el material de vaina asi como las fases de matriz - o 
-----------------------------------------------------
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Tecnicamente, la introducci6n de particulas conteniendo 
desechos altamente radiactivos en una fase de matriz libre 
de desechos es posible tanto para el vidrio como para todos 
los otros productos de desechos estudiados hasta ahora. Para 
esto, estos productos estan generalmente granulados, y se 
prefieren particulas esfericas: Las esferas presentan una 
relaci6n mimima entre la superficie - lixiviable - y el volumen 
- conteniendo el desecho. Las particulas de producto que con-
tienen el desecho pueden entonces revestirse del material 
de la fase libre de desechos y/o mezclarse con la fase de 
matriz liquida o sÖlida (pulverizada) y compactarse. Entonces 
el equilibrio termoqu1mico esta determinado - adicionalmente -
por la compatibilidad de las fases de producto con las fases 
de peso o respectivamente de matriz y/o el material de vaina 
por un lado y las interacciones posibles con sal, lejia de 
sal y agua por otro lado. 
Hasta ahora se han revestido (espesor de capa ~ 50 ~m) par-
ticulas de supercalcinado y de vidrio esfericas con 6xido 
de aluminio y di6xido de silicio asi como particulas esfericas 
de vidrio, supercalcinado y de Synroc con carbono pirolltico. 
Las densidades de las capas estan limitadas, porque por una 
parte las temperaturas relativamente elevadas favorables para 
la densificaci6n pueden originar grietas en la capa debido a 
los coeficientes de dilataci6n diferentes del material de 
capa y de particulas, y porque por otra parte serian 
favorecidas interacciones entre el material de particulas y 
el material de vaina [36, 50, 51]. 
Corno fases de matriz para el vidrio se han empleado carbono, 
aleaciones de plomo asi como una aleaci6n de estano [5, 13, 
51, 57], y particulas de supercalcinado han sido incluidas 
en fases de Al-Si-, Cu y Pb-Zn [6, 26, 50, 51]. Ademas, los 
PRODUCTO CONDICIONES 1 ELEMENTO LIXIVIADO (gr/cm2 -d] 
DE LIXIVIACICN Cs Sr Pu u -·- global MEDIO 
TEMPERATURJl[K] 
AGUA 10-6 10-7 10-8 
,., 300 
AGUA 10-3-10-4 10- 4 ~,o- 4- 10-51 10-3- 10-4 
1\4 375 
VIDRIO DE BORO-
SILICATO LEJIA DE SAL 1o-3 -1cr4-_ 
"' 525 -
LEJIA DE SAL 10-3 10-4- 10-5 10-6 10-2 -10-3 
"'625 
AGUA __ . 10-3 -10-4 10-3- 10-4 10-4 SUPERCALCINADO 
-375 I 
AGUA 10-3 -1Q-4 TITANATO- 375 
ZEOLITA LEJIA DE SAL 
525 < 10-5 
AGUA 









componentes del desecho altamente radiactivo se han incluido 
directamente en una fase de matriz rica en Si02 [1, 57] y 
- con suplementos - en una aleaci6n de base de hierro-niquel 
[18]. Esta inclusi6n de componentes altamente radiactivos de 
desecho originarä en principio la formaci6n de compuestos de 
calcinado y con esto interacciones con el material de la fase 
de matriz. Entre el vidrio y el plomo y resp. alea-
ciones de plomo asi como el vidrio y el hierro, se han notado 
interacciones no solamente para altas temperaturas (775 K, 
240 horas) [51], sin6 tambien bajo condiciones simuladas de 
almacenamiento definitive (ver fig. 11.11), mientras que no 
se han encontrado interacciones entre el supercalcinado y el 
carbono pirolitico tampoco para temperaturas mas elevadas [27]. 
En la fig. 11.12 hemos resumido grades de corrosi6n conocidos 
en el caso de una interacci6n con el ambiente para agua y 
soluciones salinas. El plomo reacciona tambien con la sal 
bajo condiciones simuladas de almacenamiento definitive (ver 
fig. 11.11). 
Para productos revestidos de capas, debido al pequeno espesor 
y a la pequena densidad de las capas, se ha observado no sola-
mente corrosi6n, sin6 tambien lixiviaci6n selectiva 
de los productos revestidos. En estos casos las capas de 
carbono sobre particulas de supercalcinado pueden por ejemplo 
aun aumentar el grado de lixiviaci6n selectiva para el cesio, 
mientras que capas de Al 2o3 lo reducen por lo menos en un 
erden de magnitud para todos los elementos altamente radiac-
tivos estudiados hasta ahora [26, 51]. Generalmente estas 
capas no tienen el mismo efecto de barrera que las fases de 
matriz 0 las envueltas compuestas del mismo material. 
Todas las fases de matriz met~licas y todos los materiales 
de vaina se metamictizan a particulas de producto altamente 
radiactivas en las superficies limites, donde el plomo 
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absorbe considerablemente la radiaci6n y (26% [13]). Los 
grades de corrosion bajo irradiaci6n aumentan por ejemplo 
para "ticodes" con 107 y-rad/h hasta el doble valor. Pero 
todas las fases de matriz metalica y todos los materiales 
de vaina .mejoran tambien la estabilidad mecanica (seguridad 
del transporte) y la conductividad termica (comportamiento 
al enfriamiento; por ejemplo desecho altamente radiactivo 
= 0,5 W/mK [32]; vidrio de borosilicato con 15% en peso de 
desecho altamente radiactivo = 1 W/mK [15]; vidrio vitromet 
en plomo = 12 W/mk [13]). En total se puede decir que no 
disponemos de resultados suficientes sobre la interacci6n en 
lassuperficies limites, la influencia de la temperatura y 
el cambio de la composici6n material del desecho altamente 
radiactivo asi como sobre los efectos de radiaci6n. Pero eon 
respecto a la lixiviaci6n, Tiedoch y Zircaloy y el grafito - en 
tanto gue se presente en forma altamente densa y sin porosidad continua -
asi icomo ceramicas de oxido como por ejemplo Al 2o3 parecen 
ser potenciales materiales de segunda barrera altamente 
eficaces. 
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fig. II. 11: Interaceiones entre vidrio-plomo, vidrio-yieJ:ro I sal gema-plomo baj 0' condiciones maximas 




grado de corrosi6n (g/cm2d) 
material de la forma de la 
soluci6n salina · agua 
2a barrera 2a barrera 300 K 375 K 375 K 525 K 
6xido de aluminio capa 10-s 10-s 
t (Al203) vaina 
I 
vidrio capa 10-7 10-5 -10-E 10-7 fase de matriz (95% Si02) 
vaina 
i grafito (PyC) 10-9 capa (C) fase de matriz 
aleaeiones de 
aluminio fase de matriz 
(88 Al+12 Si) 
i 
aleaciones de plomo 
(97,5 Pb+Z,S Sb; fase de matriz 10-4 10-4 90 Pb+lO Sn; 
vaina -84 Pb+12 Sb+4 Sn 
Pb-Zn) 
aleaciones de base de fase de matriz 10-4 -lo-6 10-s 
hierro-niquel 
Hastel1oy 
10-7 (59 Ni+17 Mo vaina 
+15 Cr+5 Fe+4 W). 
Inconel 600 
(76 ~i+15,5 Cr 
vaina 10-
7 
+8 Fe+0,2 Si 
+0,2 Mn+0,04 C) 
cobre (Cu) fase de matrlz 
acero SS 304L 
(67,2 Fe+19 Cr 
vaina· 10-7 
+10 Ni+2 Hn 
I +1 Si+0,8 C) . I 
I 
10-8 I titanio CP j (99,5 Ti) vaina 
i 
I Ticode 12 
I (98,718 Ti+0,84 Ni vaina 10-8 +0, 34 ~!o+O, 09 Fe 
I. +0, 012· C) 
I 
I aleaciones de estano (96 Zn+4 Al) fase de matriz i 
I 
I Zircaloy 2 . 
10-8 I (98,23 Zr+1,5 Sn vaina I +0,12 C+O,l Cr+O ,05 Ni) 
I-
fiq, II.12: Grados de corrosi6n de materiales de capa 1 de fase de matriz Y vaina 
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III. Tecnoldgia de los 2roductos de actividad alta 
alrnacenados definitivamente 
III.1 Fijaci6n cuasi-homogenea 
Corno lo rnuestra el diagrarna de la fig. III.1, los productos 
adaptados al alrnacenarniento definitive pueden en principio 















fig. III.1: Alternativas del material y de la tecnologia 
de los productos 
En la fig. III.2 presentarnos las estapas tecnol6gicas de 
fundici6n del proceso. La desnitraci6n puede realizarse en 
el efluente liquide de actividad alta (ver fig. I.2) por 
adici6n d~ p.ej., forrnaldehido 0 acido f6rrnico 0 por evapo-
raci6n del solvente y calentarniento del sobrante. Esto 
significa la cornbinaci6n del secado (~ 400 K), de la des-
nitraci6n y calcinaci6n (900-1000 K), corno la que se realiza 
en los procesos de vitrificaci6n desarrollados en los Estados 
I 
PROCEDIMIENTO ETAPAS DEL PROCEDI~IENTO 
I 
desni tracicr secado calcinacion IIEZClado introduccic ~ fundicion trasiego obturacion 
(coquilla) 
SC-ICM secado mezclado 
(~pray Calciner- desnitracion introduccion-trasiego obturacion 
ln Can Melter) calcinacion fundicion 
AVM/H 
(Atelier de secado 
Yitrification calcinacion mezclado fundicion _trasiego obturacion 




Fed desnitracion trasiego obturacion 










fig. !I I. 2: Etapas del procedimiento y su combinacion para la fabricacion tecnologica de 
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fig. III.3: Representacion esquematica de diferentes procedimientos tecnologicos de fundicion para la 





Unidos (SC-ICM) [3 1 4 1 7, 15 1 27] 1 Francia (AVM-H) [6 1 20], 
Alemania (LFCM) [18 1 28] y Gran Bretana (HARVEST). Estos 
procedimientos tecnol6gicos de fundici6n para la vitrifica-
ci6n de los desechos de actividad alta reunen entonces sola-
mente algunas otras etapas del proceso que se suceden diferen-
temente. La fig. 3 muestra esquematicamente las diferencias 
entre los procedimientos SC-ICM 1 AVM/H y LFCM. Mientras que 
en los dos primeros procedimientos el primer tratamiento 
termico (secado, desnitraci6n, calcinaci6n) se realiza separa-
damente de la segunda etapa (fundici6n) 1 en el procedimiento 
LFCM todas las etapas estan reunidas y se realizan con tempe-
raturas aumentadas. Por otra parte el procedimiento AVM/H y 
LFCM tienen en comun que se hace la fundici6n en un horno 
separado (crisol) y que se cuela entonces en coquillas 1 mientras 
que en el procedimiento SC-ICM (y HARVEST) el crisol y la 
coquilla son identicos. Los grupos de tratamiento termico para 
el secadol la desnitraci6n y calcinaci6n pueden ser camaras 
de calefacci6n con aspersi6n (SC-ICM) 1 hornos rotativos 
tubulares multipaso (AVM/H) o secadores de cilindros (FIPS: 
cilindros y desmoldeadores calentados 1 ver fig. III. 7) , los 
grupos de fundici6n pueden permitir el calentamiento indirecto 
(SC-ICM 1 AVM/H) tambien multipaso (HARVEST) o directo de la 
fundici6n (LFCM; p.ej. electrodo de Inconel). ~ En todos los 
procedimientos tecnologicos de fundici6n 1 el nivel de tempe-
ratura (> temperatura de ablandamiento del vidrio) 1 determi-
nado por la tecnica del proceso 1 es un punto problematico 














'fig. III.4: La funci6n de la temperatura en la tecnologia de 
fundici6n 
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- Las perdidas por evaporaci6n que aparecen a altas temperatu-
ras (funciones T de las presiones de vapor) cambian la com-
posici6n material del producto y producen desechos secunda-
rios: La fig. III.S muestra grados de evaporaci6n globales 
para un producto simulado altamente radiactivo de desecho 
(HAV) sin vidrio, para vidrio sin producto simulado alta-
mente activo de desecho, y vidrio con producto simulado 
altamente radiactivo de desecho (15% en peso) despues de 
experiencias de laboratorio (16-24 horas). En todos los 
casos la evaporaci6n aumenta fuertemente para mas de 1200 K, 
y para temperaturas de sinterizaci6n es claramente menor 
que para temperaturas de fundici6n del vidrio. Hasta aproxi-
madamente 700 K el grado de evaporaci6n del producto simula-
do altamente radiactivo de desecho esta determinado por la 
descomposici6n de nitratos y el escape de gases nitrosos. 
Los gases de escape que corren hacia el filtro contienen 
sobre todo rutenio, cesio asi como telurio y molibdeno 
(ver fig. III.5, curva HAV). La fijaci6n molecular del des-
echo altamente radiactivo (15% en peso) en vidrio (ver 
curva de evaporaci6n vidrio + HAV, fig. III.5) disminuye 
Visiblemente su escape por evaporaci6n, como se ha podido 
prever. Corno las mediciones han sido realizadas con conjun-
tos especificos de probetas, no pueden extrapolarse los 
valores absolutos de los grados de evaporaci6n; sirven sola-
mente para demostrar cualitativamente el comportamiento de 
evaporaci6n. 
- Las interacciones entre la fase fundida y el material del 
crisol o respectivamente del horno de fundici6n que apare-
cen con temperaturas elevadas cambian la duraci6n de los 
aparatos y originan tambien un cambio dificilmente contro-
lable de la composici6n material del producto. 
- El estado de agregaci6n liquido que existe para temperaturas 
elevadas permite segregaciones y, como consecuencia, pertur-
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baciones en el desarrollo del procedimiento asi como inhomo-
geneidades macrosc6picas del producto: Asi p.ej. en el pro-
cedimiento LFCM la fase liquida se presenta con tres capas 
ya en el horno de fusi6n; al efluente liquido en la parte 
superior sigue el desecho calcinado, y la capa inferior es 
de vidrio fundido conteniendo desechos. La escoria formada 
que no escurre y la segregaci6n que bloquea las salidas, 
pueden afectar la capacidad de funcionamiento de los hornos 
de fusi6n, y elevaciones en la coquilla debidas a la segre-
gaci6n de fases han sido observadas varias veces. 
El enfriamiento a partir de temperaturas elevadas origina 
un aumento de las tensiones interiores. Corno la superficie 
del producto se enfria primero, se forman - segun la veloci-
dad de enfriamiento - gradientes de temperatura cuya compen-
saci6n al final del enfriamiento da lugar a tensiones de 
tracci6n en el interior y tensiones de compresi6n en las 
zonas exteriores del producto. Pueden calcularse mediante 
los coeficientes de dilataci6n termica, las conductividades 
termicas y las velocidades de enfriamiento, y estan repre-
sentadas en la fig. III.6 sobre el radio del cuerpo del 
producto para vidrio de borosilicato con desecho altamente 
radiactivo (15% en peso). Solamente determinadas velocida-
des de enfriamiento, es decir aquellas con las que las dila-
taciones calculadas son inferiores al alargamiento de 
rotura del cuerpo del producto, garantizan que no aparezcan 
grietas en el vidrio. Al mismo tiempo se puede observar 
que las inhomogeneidades macrosc6picas arriba mencionadas 
aumentan las tensiones interiores, que de todos modos apa-
recen durante el enfriamiento [9, 19], debido a su dilata-
ci6n termica - diferente - y que los coeficientes de dila-
taci6n diferentes del producto y de la envuelta (coquilla) 
pueden producir en esta ultima tensiones que en las envueltas 
de acero han provocado una sensibilidad aumentada frente 
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fig. III.5: Grados de evaporaci6n globales en funci6n de latemperatura, a partir de ensayos 
'"de laboratorio con vidrio con desecho radiacti vo simulado Y libre de desecho 
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-0,08 distancia del cer.tro del cilindro (% radio) 
fig. III.6: Alargamientos y recalcados8alculados en 






























Para reducir las perdidas de evaporaci6n, es decir la produc-
ci6n de desecho secundario altamente radiactivo, las inter-
acciones con el material de crisol o de coquilla y las ten-
siones interiores, y para excluir la formaci6n de escorias 
y la segregaci6n de fases, se ha fijado pulvitecnol6gicamente 
desecho altamente radiactivo en vidrio. Comparado con las 
etapas tecnol6gicas de fundici6n del procedimiento de la 
fig. 1, se reemplaza aqu1 en principio solamente la fundici6n 
por el prensado y la sinterizaci6n. Esta ultima etapa puede 
reunirse en la sinterizaci6n por presi6n, aplicando la presi6n 
de modo uniaxico o isostatico. La fig. III.7 muestra esquemati-
camente la marcha del procedimiento. 
La mezcla del vidrio con los componentes altamente radiactivos 
de desechos en los procedimientos pulvitecnologicos puede 
realizarse de diferente manera. La fig. III.7 muestra el 
metodo de la mezcla directa en humedo-seco, que en principio 
puede sustituirse por el metodo AVM/H a traves de calcinadores 
rotativos tubulares que se ha probado ya para el desecho 
altamente radiactivo (ver fig. III.3). Es tambien posible 
empapar de efluente 11quido altamente radiactivo part1culas 
porosas de vidrio [1, 22]. La mezcla de componentes altamente 
radiactivos de desecho con titanatos-zeolitas [8, 16, 26] se 
hace por empapado de polvos ultrafinos de titanato-zeolita 
(50-100 ~), que abSOrben la mayor1a de los elementos de des-
echo a traves del intercambio de iones y que entonces se 
secan (900 K), se incluyen y se sinterizan por presi6n 
(7-14 MPa, 1200-1500 K). La desventaja que tienen las mezclas 
de empapado y adsorci6n es la producci6n de desecho secunda-
rio residual. - La mezcla de los componentes mediante la 
soluci6n qu1mica fue demostrada para un caso especial 
eventualmente prometedor: Los act1nidos - sin productos de 
fisi6n - en soluci6n n1trica se precipitan con fosfato dicar-
bonatado de amonio y urea. El secado (700 K), el calcinado 
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UNIÄXICO ISOSTÄTICO 
p { MPa) . 100 7 200 . 
PRENSADO EN FRIO T ( K ) . 750 7 900 . 
y t { min ) . 200 7 600 . 
SINTERIZACIÖN fiT ( K ) 50 7 5 SEGUN (/) ( 10 7 5) ßt h . 
An~OSFERA . AIRE . 
p (MPa) : < 1.0 
T ( K ) : 850.;.900 I 
SINTERIZACIÖN POR t (min} . 5-;. 60 
PRESION fiT ( K ) . 50.;. 5 N h 
ATMÖSFERA . AIRE . 
DENs InAn ( g I cm3 ) 92 - 98 °/o TD 




dan lugar a la forrnaci6n de rnonacita que contiene actinidos 
(fosfato de lantanidos, p.ej. CeP0 4 ), cuya forrna rnineral 
es altarnente resistente a la lixiviaci6n y radiaci6n [17]. 
La condici6n previa de esta cornbinaci6n de cornponentes es 
la separaci6n de los elernentos de desecho en elernentos que 
contienen actinidos y elernentos que no los contienen. 
Con las condiciones pulvitecnol6gicas representadas en la 
fig. III.8 (polvo de vidrio ~ 40 ~rn de cuerda) se han fabri-
cado ernbalajes de desechos apilables con desecho de activi-
dad alta (y rnedia), 
cuyas perdidas de evaporaci6n son rnenores (ver fig. III. 3) , 
- que no plantean problernas de cornpatibilidad con1 p.ej.,rnatrices 
de acero o de grafito y que no dan lugar a la segregaci6n de 
escorias o fases rnacrosc6picas y 
- cuyas tensiones interiores no afectan la integridad rnecanica 
tarnpoco en el ensayo de caida [2] . 
Hay que rnencionar aqui que pequenas porosi dades corno las que 
existen generalrnente en el producto en el procedirniento pulvi-
tecnol6gico bloquean la propagaci6n de grietas y que por ello 
tienen que considerarse corno favorables! - De una rnanera serne-
jante, por sinterizaci6n por presi6n (180-300 MPa, 1500-1800 K), 
se condicionaron cornponentes altarnente radiactivos de desechos 
en Synroc y envuel tas de niquel [ 2 4] . 
III.2 Condicionarniento heterogeneo 
Para la preparaci6n de particulas de producto para la inclusi6n 
en fases de rnatriz libres de desecho corno barrera rnicrosc6pica 
se aplican tarnbien rnetodos tecnol6gicos de fundici6n y de polvo. 
En el procedirniento PAMELA se hace gotear un vidrio fundido 
que contiene desecho (1300-1600 K) sobre un disco rotatorio 
[11]. Se forrnan perlas de vidrio. La fabricaci6n pulvitecnolo-
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gica de particulas de supercalcinado o de Synroc que contienen 
desecho puede hacerse por preparaci6n de pellets o en el pro-
cedimiento sol-gel. En la preparaci6n de pellets, los compo-
nentes altamente radiactivos de desecho se conforman y se 
tratan termicamente (1500 K) juntos con los componentes del 
producto y con aglomerantes en tambores rotatorio~s inclinados 
mediante una especie de efecto de bola de nieve por aglomera-
ci6n. En el procedimiento sol-gel, un sol - es decir un sistema 
altamente disperse de particulas de s6lido es transformado 
en un liquide a un gel, en que interacciones entre las part1cu-
las y el sol originan la gelatinizaci6n [5). Synroc se gelati-
niza p.ej. en sol HN03 , que sale goteando a traves de una 
tobera y cuyas gotas se estabüizan en una atm6sfera definida 
(NH 3 ) y/o un liquide (NH 40H). Las gotas son secadas en 
vapor (500 K) y comprimidas con temperaturas de sinterizaci6n 
(1500 K; H2 + 4% de atm6sfera de Ar) [14]. 
La inclusi6n heterogenea de las particulas de vidrio, super-
calcinado o Synroc en una fase de matriz libre de desecho 
puede tambien hacerse mediante tecnologfas de fundici6n y de 
polvo. En el procedimiento PAMELA las perlas de vidrio que 
contienen el desecho se introducen en plomo fundido (625 K) 
de la manera esquematizada en la fig. III.9a. Debido a la 
diferencia de densidad entre el vidrio y el plomo las esferas 
de vidrio en la coquilla interior suben hasta arriba y final-
mente la llenan completamente despues de quitar el tubo de 
llenado. Al mismo tiempo, debido a la coquilla de doble pared 
se ha formado una envuelta de plomo libre de vidrio [10-12, 
25]. Es tambien posible llenar la coquilla interior con 
esferas de vidrio e introducir el plomo a traves del inter-
sticio anular (ver fig. III.9b). 
Las particulas de vidrio, supercalcinado o Synroc que con-
tienen desecho pueden recubrirse con capas mediante el pre-
plomo presion de arg6n plomo plomo 
' • 
horno 
"------- coquilla con doble pared 
Q b 






cipitado a partir de la fase gaseosa (CVD = Chemical Vapor 
Deposition) de compuestos evaporados y descompuestos o por 
recubrimiento por laminado [21, 25]. En el ultimo procedi-
miento se adicionan a las particulas que contienen el desecho 
polvos finisimos y aglomerantes en tarnbares rotatorios que se 
adhieren en la superficie de las particulas y que de este modo 
forman capas. La adici6n de mayores cantidades de estos 
polvos, el mezclado, prensado y la sinterizaci6n dan entonces 
lugar a la realizaci6n pulvitecnologica de la segunda barrera, 
. " . mlcroscoplca. 
Con un metodo pulvitecnologico comparable se han incluido 
particulas de supercalcinado en fases de matriz metalica y 
particulas de vidrio con desecho en una fase de matriz de 
vidrio-hipersilicato libre de desecho (temperatura de sinteri-
zacion: 1200 K) [1, 22]. 
Finalmente se ha obtenido una formaci6n de fase de matriz 
pulvitecnologica "in situ" por mezcla de los componentes 
altamente radiactivos de desecho con urea y polvos metalicos 
(Fe, Cu, Ni, Co, Al, Si, Ti) [13]. La sinterizaci6n (1100 K) 
y la extrusi6n y prensado por impacto en atm6sfera reductora 
(1500 K, H2 ) han dado lugar a la formaci6n "in situ" de una 
aleaci6n metalica, posiblemente polifasica. 
Al igual que para la comparaci6n de procedimientos tecnol6gi-
cos de polvo y de fundici6n para la fijaci6n cuasi homogenea 
de componentes altamente radiactivos de desechos, la tecno-
logia de polvos tiene tambien sus ventajas para la fabrica-
ci6n de productos heterogeneos: 
Mientras que la inclusi6n del desecho fijado de modo molecular 
en una fase de matriz libre de desecho (p.ej. procedimiento 
Vitromet/Pamela) por metodos tecnologicos de fundici6n 
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- admite solamente fases de matriz euyo punto de fusi6n es 
inferior al punto de ablandamiento o resp. al punto de 
fusi6n de las partleulas que eontienen deseeho 
- no admite la inelusi6n diseontlnua de las partleulas que 
eontienen deseeho en la fase de matriz (el eontaeto eon 
las partleulas disminuye los aspeetos de seguridad en la 
lixiviaei6n) 
plantea problemas de mojabilidad entre la fase de matriz y 
las partleulas que eontienen deseeho y limita el juego de 
adaptaei6n eon respeeto a los diferentes eoefieientes de 
dilataei6n termiea del material de fase de matriz y de 
partleulas, 
se puede deeir que eon una inelusi6n pulviteenol6giea del des-
eeho vitrifieado en una fase de matriz libre de deseeho 
- pueden utilizarse tambien materiales euyos puntos de fusi6n 
son mas elevados que los de las partleulas que eontienen 
deseeho, porque solamente su temperatura de sinterizaei6n 
tiene que ser inferior al punto de fusi6n de las partieu-
las a ineluir, o resp. en el easo del vidrio inferior al 
punto de ablandamiento del vidrio, 
- pueden ineluirse las partleulas de modo diseontlnuo, es 
deeir sin eontaeto entre ellas, en una fase de matriz 
eontlnua, lo que aumenta la seguridad en el easo de una 
rotura pareial de la barrera, 
- los problemas de mojabilidad entre la segunda fase hetero-
genea y los eomponentes de deseeho no tienen easi ninguna 
importaneia teenologiea, y las tensiones interiores estan 
eonsiderablemente redueidas. 
Hay que meneionar en este eontexto que no es irrealista 
suponer que se produeiran tipos de deseeho eon eomposiei6n 
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distinta que necesitaran rnetodos de tratarniento diferentes, 
especificos. En surna, las condiciones tecnol6gicas deterrnina-
das por el proceso de fundici6n no tienen que ser general-
rnente rnas desfavorables, y los productos pulvitecnolbgicos 
no tienen que ser en cada caso cualitativarnente rnejores. Un 
tratarniento de desechos adaptado al desecho, es decir la 
adaptaci6n tecnol6gica a diferentes tipos de desecho corno 
objetivo del desarrollo en lugar de una sola tecnologia de 
referencia sin alternativa parece sin ernbargo actualrnente 
ser el concepto rnas flexible y rnejor justificado desde el 
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